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INTRODUCTION 


Tills  report  complements  NWC  motion  picture  TMP  4131  and  describes  a 
single  baseline  data-gatheri ng  test  In  which  an  unarmed  Navy  A-4  cockpit 
was  subjected  to  a simulated  carrier  deck  fire.  The  study  was  designed 
to  gather  fundamental  and  baseline  data  on  the  survivability  of  a manned 
cockpit  in  such  a fire,  on  the  characteristics  of  cockpit  structural 
degradation  in  the  fire,  and  on  the  various  interacting  mechanisms  con- 
tributing to  the  degradation  of  the  cockpit  and  hence  directly  reducing 
a pilot's  functionability . The  word  "baseline"  is  used  in  the  context 
of  best  available  current  information. 

This  report  is  organized  for  a dual  purpose.  The  first  purpose  is 
to  present  a concise  review  of  the  significant  study  elements  pursued, 
with  appropriate  reference  to  detailed  information  in  the  appendixes. 

This  is  accomplished  by  discussing  the  problem  addressed,  the  method- 
ological approach  used  to  solve  the  problem,  and  the  objectives  required 
to  be  met  to  quantify  the  stated  problem.  A summary  of  results  follows, 
substantiated  by  an  artist's  conception  of  significant  events  within  the 
test  item  and  a table  listing  the  chronology  of  significant  events 
measured  by  various  types  of  transducers.  These  events  and  measurements 
are  discussed  at  length  in  the  various  referenced  appendixes.  Conclu- 
sions and  recommendations  are  then  given,  which  are  based  on  the  extensive 
material  in  the  appendixes. 

The  second  purpose  of  the  report  is  to  present  information  chat  will 
be  sufficient  to  eventually  develop  a baseline  analytical  model  with 
long-term  utility  capable  of  identifying  component  problem  areas.  It 
should  also  be  of  use  to  aircraft  designers  in  the  context  of  surviv- 
ability trade-off  studies.  Therefore,  extensive  information  is  provided 
in  the  appendixes  with  the  objective  of  helping  to  better  define  the 
gray  areas  of  a complex  problem. 

Appendix  A is  a description  of  the  fire  facility.  A manikin  that 
was  placed  in  the  pilot's  position  during  the  fire  is  described  in  Appen- 
dix B,  and  the  A-4  cockpit  layout  is  depicted  in  Appendix  C.  Appendix  D 
explains  the  sequence  of  events  that  transpired  as  the  fire  test  was 
conducted.  Detailed  descriptions  of  the  individual  data-gathering 
systems  and  the  data  they  acquired  and  some  analyses  of  the  data  are 
given  in  Appendixes  E through  K.  An  explanation  of  the  techniques  and 
equipment  used  to  extinguish  the  fire  is  contained  in  Appendix  L.  An 
analysis  of  structural  failure  based  on  post-test  examination  of  the 
aircraft  is  discussed  in  Appendix  M.  Finally,  a report  on  the  piggy- 
back materials  experiment  conducted  by  the  California  Institute  of  Tech- 
nology Jet  Propulsion  Laboratory  is  included  as  Appendix  N. 


1 Nani  Weapon*  Center  Aircraft  h'irc  Survivahltiry.  China  Lake.  Calif.,  NWC.  1976.  (Technical  motion  pkiurc 
41  V 101/2  min.,  color,  sound.) 
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PROBLEM  ADDRESSED 

A catastrophic  aircraft  carrier  deck  fire1  can  be  described  in  the 
following  manner.  Aircraft  loaded  with  fuel  and  ordnance  are  parked  on 
a crowded  flight  deck.  Some  are  tied  down,  while  others  are  awaiting 
launch  instructions.  A weapon  of  either  friendly  or  enemy  origin  pene- 
trates an  aircraft,  starting  a fuel  fire  on  the  carrier  deck.  Burning 
fuel  spreads,  and  heat  from  the  fire  causes  other  weapons  on  the  damaged 
aircraft  to  cookoff.2  These  weapons  penetrate  adjacent  aircraft,  spread- 
ing destruction  over  and  below  the  flight  deck.  Deck  crews  attempt  to 
contain  the  fire  and  keep  it  from  spreading  to  other  aircraft  and  to 
compartments  below  deck.  If  not  contained  within  some  5 minutes,  the 
fire  is  likely  to  incapacitate  the  strike  capability  of  the  carrier. 
Pilots  in  the  aircraft  are  faced  with  split-second  decisions  of  whether 
to  abandon  their  weapon-laden  aircraft,  which  would  further  feed  the 
fire,  or  try  to  taxi  them  to  possible  safety. 

This  scene  is  typical  of  accidental  carrier  deck  fires  that  have 
occurred  in  recent  years  on  the  U.S.S.  Oriskany  (in  1966),  on  the  U.S.S. 
Forrestal  (in  1967),  and  on  the  U.S.S.  Enterprise  (in  1969).  These 
accidents  killed  204,  injured  185,  destroyed  42  aircraft  and  damaged  even 
more,  and  caused  damage  to  the  carriers  that  cost  more  than  $70,000,000 
to  repair. 3 * * * * * * * History  also  provides  a number  of  vivid  examples  of  the 
destruction  caused  by  such  fires  in  combat  (e.g.,  Japanese  and  American 
carrier  losses  in  the  battle  of  Midway) . 

The  armed  aircraft  is  the  primary  fire  propagator.  Hence,  data  is 
required  to  quantitatively  define  its  behavior  In  fire  in  the  context  of 
understanding  how  to  decrease  its  fire-propagating  potential.  Although 
this  goal  can  be  attained  in  any  or  all  of  a number  of  ways  (e.g., 
firefighting),  this  study  is  focused  specifically  on  quantitatively 
characterizing  the  problems  of  a pilot  and  aircraft  in  such  a fire. 11 
The  underlying  goal  is  that  the  information  attained  in  the  study  be 
useful  for  design  trade-offs  between  functional  performance  and  fire 
survivability. 


2 Naval  Weapons  Center.  Shrike  and  Sparrow  Missile  Baseline  Cookoff  Tests,  by  Anthony  San  Miguel  and  P 

McQuaidc.  C hina  Lake.  Calif.,  NWC.  October  1974.  (NWC  TP  5672.  publication  UNCLASSIFIED  > 

1 Naval  Au  Systems  Command.  Study  of  Technology  Requirements  for  the  Containment  of  Shipboard  A nation 

hire  Hazard.  Washington,  D.C.,  NAVAIR,  1972.  (Exotech  Report  TRSR-70-15,  also  available  from  DI)C  as  AD  RIM 

422,  publication  UNCLASSIFIED.) 

* Anthony  San  Miguel.  “Rocket  Motor  Design  Considerations  to  Meet  Fast  Cookoff  Requirements,”  in  JAMAF 

Operational  Serviceability  and  Structures  and  Mechanical  Behavior  Working  Groups  Combined  Anmial  Meeting.  Silver 

Spring,  Md.,  Johns  Hopkins  University.  Applied  Physics  Laboratory,  May  1975.  Pp.  399-415.  (CTIA  publication  264, 

UNCLASSIFIED.) 


4 


NWC  TP  5812 


APPROACH  TO  PROBLEM 

The  basic  approach  in  this  study  was  to  take  precision  laboratory 
measuring  equipment  to  the  field  and  apply  it  to  a full-scale  burn  test. 
This  approach  differs  from  traditional  "laboratory"  tests  in  that  no 
attempt  was  made  to  isolate  significant  variables.  The  interior  of  an 
A-4  cockpit  was  instrumented  with  transducers  to  measure  temperature, 
heat,  smoke,  toxic  gases,  light  shock,  sound,  pressure,  and  the  physio- 
logical behavior  of  a rat  and  a mouse.  The  exterior  of  the  cockpit  was 
instrumented  with  temperature-  and  heat-measuring  transducers.  Directly 
below  the  cockpit  in  an  underground  tunnel  were  instruments  and  control 
animals.  The  interior  cockpit  data  were  redundantly  transmitted  via  RF 
and  hard-wire  telemetry  to  a receiving  van  at  the  site.  Data  acquired 
were  organized  for  subsequent  analytical  modeling. 


OBJECTIVES 

The  main  objective  of  this  study  was  to  obtain  baseline  data  on 
mechanical,  thermal,  chemical,  and  animal  behavior  events  occurring  in 
an  unarmed  A-4  cockpit  subjected  to  a simulated  carrier  deck  fire. 
Secondary  objectives  were  to: 


1.  Determine  the  occurrence  and  concentrations  of  toxic  gases  and 
oxygen  deficiencies , 


2.  Appraise  the  use  of  an  underground  laboratory  in  a field  test. 


3.  Evaluate  the  feasibility  of  using  rats  and  mice  in  an  uncontrol- 
led environment  to  determine  the  physiological  response  of  humans  to 
various  aspects  of  a fire. 

4.  Evaluate  the  use  of  telemetry  for  obtaining  data  in  such  fires. 

5.  Record  on  movie  film  what  a pilot  might  experience  visually 
during  a fire,  limited  of  course  by  the  distinction  between  film  and 
human  vision  discrimination. 

6.  Study  the  effects  of  stopping  a large  pool  fire  at  a predeter- 
mined point  in  a test  to  preserve  the  vehicle,  equipment,  and  test 
animals  for  post-test  analysis. 

7.  Evaluate  the  problems  associated  with  measuring  heat  flux, 
temperature,  smoke,  toxic  gases,  and  animal  behavior  during  a simulated 
carrier  deck  fire. 
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SUMMARY  OF  RESULTS 


An  instrumented  A-4  cockpit  was  heated  by  a simulated  carrier  deck 
pool  fire.  On  the  basis  of  post-test  inspection  of  the  dissected  cockpit 
(Appendix  M) , film  coverage  within  the  cockpit  during  the  test  (Appen- 
dixes B and  L) , and  heat  and  smoke  transducer  data  (Appendixes  E and  H), 
it  is  possible  to  reconstruct  the  significant  events  leading  to  the 
structural  degradation  of  the  cockpit.  Figure  1(a)  depicts  conditions 
before  fire  ignition.  At  11  seconds  after  ignition,  external  fire  was 
building  up  on  the  starboard  side  as  shown  in  Figure  1(b).  This  situa- 
tion in  which  fire  builds  up  faster  on  one  side  of  the  aircraft  represents 
a realistic  condition  for  a fire  developing  on  the  deck  of  a carrier  that 
is  under  way.  Figure  1(c)  illustrates  the  conditions  at  71  seconds;  the 
cockpit  was  filled  with  smoke  and  fire  was  spreading  to  the  exterior  port 
side.  Between  192  seconds  and  the  time  that  light  water  applied  by 
firemen  was  observed  by  the  camera  in  the  cockpit  at  232  seconds,  flames 
were  in  the  cockpit,  as  shown  in  Figure  1(d).  Figure  1(e)  shows  condi- 
tions after  the  test.  A chronological  list  of  the  significant  events 
during  the  fire  is  given  in  Table  1. 


MAJOR  EVENTS  AND  OBSERVATIONS 

The  cockpit  heated  faster  on  the  starboard  side  due  to  the  prevailing 
wind  direction.  First  flicks  of  flame  were  seen  in  the  cockpit  at  about 
192  seconds.  By  about  222  seconds,  the  canopy  had  completely  failed,  and 
flames  engulfed  the  cockpit.  Calorimeter  data  indicated  that  the  first 
significant  heating  in  the  cockpit  came  from  the  direction  of  the  canopy 
at  about  203  seconds  (Appendix  E).  Next,  a relatively  hot  burst  came 
from  below  at  208  seconds.  The  entire  region  where  the  directional 
calorimeter  was  located  was  heated  between  213  and  232  seconds.  By 
232  seconds,  light  water  applied  by  firemen  had  cooled  the  interior  of 
the  cockpit. 

Thermocouples  in  the  vicinity  of  the  canopy  showed  only  a very 
gradual  increase  in  temperature  until  near  the  end  of  the  test  (at  about 
the  time  flames  were  breaking  through  the  canopy)  when  there  were  sharp 
increases  (Appendix  E) . 

Toxic  gas  measurements  (Appendix  F)v  appeared  to  correlate  with  the 
behavior  of  test  animals  and  with  carboxyhemoglobln  levels  in  post-test 
samples  of  blood  from  the  test  animals  (Appendix  G) . There  was  signifi- 
cant depletion  of  oxygen  and  development  of  CO,  CO2,  Cl-,  and  CN-  but  not 
enough  to  be  lethal. 
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FIGURE  1(c).  After  71  Seconds  (t 


71  Seconds). 
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FIGURE  1(e).  After  Fire  was  Extinguished  (t  = 243  Seconds). 


The  output  of  the  smoke  transducer  indicated  that  there  were  two 
periods  (from  30  to  70  seconds  and  from  120  to  140  seconds)  during  which 
there  was  significant  smoke  production  (Appendix  H) . Complete  smoke 
obscuration  was  measured  at  155  seconds  and  continued  until  the  fire  was 
extinguished . 

A mouse  on  a treadmill  in  the  cockpit  perished  in  the  fire  (Appen- 
dix G) , but  the  cockpit  camera  recorded  the  animal  running  for  71  seconds 
after  the  beginning  of  the  test.  An  instrumented  rat  inside  the  pilot's 
helmet  atop  the  manikin  survived  the  fire,  though  it  suffered  third- 
degree  burns  over  much  of  its  body.  A blood  sample  taken  from  that  rat 
30  minutes  after  the  test  showed  a carboxyhemoglobin  level  of  49%. 
(Concentrations  between  40  and  50%  in  humans  typically  cause  severe 
headaches,  weakness,  dizziness,  dimness  of  vision,  nausea,  vomiting, 
fainting,  and  increased  pulse  and  respiratory  rates.)  By  contrast,  a 
control  rat  in  the  instrumentation  bunker,  which  had  breathed  air  piped 
down  from  the  cockpit,  was  able  to  perform  an  avoidance  response  to 
electric  shock  after  the  test.  A post-test  blood  sample  from  the  control 
rat  showed  a carboxyhemoglobin  level  of  43%.  Two  control  mice  in  the 
instrumentation  bunker,  also  breathing  cockpit  air,  survived  the  test 
with  no  apparent  toxic  effects.  One  was  mated  subsequently,  and  both 
lived  normally  while  under  observation  for  6 months  after  the  test. 
Subjective  electroencephalograph ic  and  electrocardiographic  responses  for 
the  cockpit  rat  were  recorded  for  the  entire  test  (Appendix  G) . 


9 


NWC  TP  5812 


TABLE  I.  Chronology  of  Significant  Events  Occurring  During  A-4  Bur 


References  in  parentheses  indicate  where  event  is  discussed  in  apr 


Tirse, 

Event 

Time, 

Event 

seconds 

seconds 

0 

Fuel  ignition  (Appendix  D) 

109 

EEG  amplitude  decreases  (Appendix  G) 

7.4 

Initial  temperature  change  recorded  on  inside 

113 

Starboard  fuselage  skin  reaches  steady  state 

bottom  of  nose  cone  (Appendix  E) 

( Append i x E ) 

11 

Initial  heat  recorded  on  starboard  side  of  cockpit 

120 

flux  transducers  indicate  asymnetric  heating  of 

(Appendix  E) 

cockpit  (Appendix  E);  EKG  reference  voltaqe 
stabilizes  (Appendix  G) 

21 

Initial  heat  flux  recorded  on  bulkhead  between  nose 
cone  and  cockpit  (Appendix  E) 

I2x 

Steady  state  heating  reached  on  starboard  side  of 
rockpit  (Appendix  G) 

27 

Initial  heat  recorded  on  port  side  of  cockpit 
(Appendix  E) 

126 

Maximum  depletion  of  O2,  production  of  CO  and  CO2 
(Appendix  F) 

30 

Initial  smoke  recorded  by  smoke  transducer 
(Appendix  H) 

128 

EKG  reference  increases  aqain  (Appendix  G) 

34 

EKG  amplitude  reduction,  frequency  increase 

131 

EEG  reference  drops,  lower  amplitude  (Appendix  G) 

(Appendix  G) 

132 

Initial  Cl"  production  (Appendix  F) 

37 

Smoke  measurement,  Ds  * 16  (Appendix  H) 

133 

EEG  postictal  activity.  EKG  low  voltaqe  amplitude 

41 

EEGampl itude  decreases,  spindle  incidence 

(Appendix  G) 

decreases  (Appendix  G) 

134 

Initial  heat  flux  through  canopy  recorded 

51 

EKG  amplitude  increases,  reference  shifting 

( Append i x F ) 

initiated  (Appendix  G) 

150 

EEG  signal  indicates  animal  revival  (Appendix  G) 

59 

Initial  heating  of  lower  pilot  seat  (Appendix  E) 

153 

02  returns  to  normal.  CO  returns  to  normal.  CO2 

63 

Initial  oxygen  depletion  and  presence  of  CO  and  C02 

decreases  (Appendix  H),  partial  recovery  of  EEG 

measured  (Appendix  F) 

and  EKG  signals  off  scale  (Appendix  G) 

69 

EKG  amplitude  stabilizes,  freguency  Increases 

155 

Smoke  measurement,  Ds  = 200  (Appendix  H) 

(Appendix  G) 

161 

Animal  hyperexcitability  ends  EEG  and  EKG  sionals 

71-120 

Smoke  measurement,  D$  1 71  (Appendix  H) 

off  scale  (Appendix  G);  possible  destruction  or 
detachment  of  nose  cone  (Appendix  E) 

93 

EKG  reference  voltage  increases  dramatically 
(Appendix  G);  EEG  amplitude  Increases,  spindle 

171 

End  of  gas  sampling  (Appendix  F) 

incidence  increases  (Appendix  G) 

192 

Camera  records  initial  fire  flick  in  cockpit 

95 

Fire  enters  nose  cone,  impinges  on  forward  cockpit 
bulkhead 

203 

Top  of  directional  calorimeter  senses  initial 
heating  from  canopy  (Appendix  E) 

96-161 

Exothermic  behavior  In  vicinity  of  starboard 
armrest  (Appendix  G) 

205 

Camera  and  flux  transducers  facinq  canopy  record 
Initial  fire  in  cockpit  (Appendix  E) 

97 

EKG  reference  voltage  peaks,  starts  decreasing 
(Appendix  G) 

208 

Directional  calorimeter  measures  initial  heatinq 
from  bottom  (Appendix  E) 

103 

Camera  records  total  Initial  darkness  In  cockpit 

210 

Flux  transducer  records  significant  heat  enterinq 

104-135 

Exothermic  behavior  In  vicinity  of  starboard 
armrest  (Appendix  G) 

through  floor  (Appendix  E) 
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1.  Chronology  of  Significant  Events  Occurring  During  A-4  Burn  Test. 

s in  parentheses  indicate  where  event  is  discussed  in  appendixes. 


I EEG  amplitude  decreases  (Appendix  G) 

Starboard  fuselage  skin  reaches  steady  state 
( Append i x f ) 

I Mux  transducers  indicate  asytnnetric  heating  of 
cockpit  (Appendix  £';  EKG  reference  vol taqe 
i stabilises  (Appendix  G) 


Time. 

seconds 


Side  of  directional  calorimeter  senses  initial 
heating  (Appendix  E) 

Cockpit  thermocouples  record  sustained  fire 
(Appendix  E) 

Fire  trucks  take  position  and  firefighting  begins 
(Appendix  L) 


| Steady  state  heating  reached  on  starboard  side  of 
cockpit  (Appendix  G) 

Maximum  depletion  of  O2,  production  of  CO  and  C02 
I 'Appendix  F) 

EKG  reference  increases  again  (Appendix  G) 

! I EG  reference  drops  lower  amplitude  (Appendix  G) 
Initial  Cl*  production  (Appendix  F) 


232  Light  water  observed  by  cockpit  camera 

2.31-232  Coolinq  of  directional  calorimeter  (Appendix  E) 

238  EKG  amplitude  lowers  to  reference,  EEG  activity 
suqgests  that  animal  is  alive  (Appendix  G) 

240  Fire  extinguished  (Appendix  L) 

243  Recording  equipment  turned  off  (Appendix  0) 


LEG  postictal  activity.  EKG  low  voltage  amplitude 
; (Appendix  Gl 

I 

j Initial  heat  flux  through  canopy  recorded 
| j ( Append i « E ) 


EEG  siqnal  indicates  animal  revival  (Appendix  G) 

I 02  returns  to  normal.  CO  returns  to  normal,  CO2 
decreases  (Appendix  H).  partial  recovery  of  EEG 
| and  EKG  signals  off  scale  (Appendix  G) 

! Smoke  measurement,  = 200  (Appendix  H) 


Animal  hyperexcitability  ends  EEG  and  EKG  signals 
off  scale  (Apppndix  G);  possible  destruction  or 
detachment  of  nose  cone  (Appendix  E) 

End  of  gas  sampling  (Appendix  F) 

Camera  records  initial  fire  flick  In  cockpit 

Top  of  directional  calorimeter  senses  initial 
, heating  from  canopy  (Appendix  E) 

C amera  and  flux  transducers  facinq  canopy  record 
initial  fire  in  cockpit  (Appendix  E) 

Directional  calorimeter  measures  initial  heating 
from  bottom  (Appendix  E) 

1 Flux  transducer  records  significant  heat  entering 
j through  floor  (Appendix  E) 
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Significant  structural  failure  occurred  in  the  canopy,  the  nose 
cone,  the  sheet  aluminum  on  both  sides  and  under  the  floorboard  station 
housing  electrical  and  hydraulic  lines  (Appendix  M) . Buckling  and  melt- 
ing caused  separations  that  could  admit  flames  at  the  juncture  of  the 
floorboard  and  the  forward  bulkhead  and  under  the  seat.  The  rubber  fuel 
tank  full  of  JP-5  fuel  just  behind  the  cockpit  was  directly  exposed  to 
flames  from  below,  but  suffered  no  damage. 

Records  were  made  of  the  sound  produced  in  the  cockpit  during  the 
fire,  of  the  pressure  differential  between  the  cockpit  and  the  outside, 
and  of  the  acceleration  experienced  by  the  manikin  in  the  cockpit 
(Appendix  I).  All  three  of  these  records  showed  either  no  significant 
events  or  no  response,  but  as  such  thev  did  provide  useful  baseline  data. 

Firemen  extinguished  the  fire  within  seconds,  preserving  the 
evidence  of  the  fire  damage  for  post-test  inspection  (Appendix  L) . 


OBJECTIVES  ACCOMPLISHED 

All  the  study  objectives  were  met  and  are  discussed  at  length  in 
the  appendixes.  The  main  study  objective  to  obtain  baseline  data  on 
mechanical,  thermal,  chemical,  and  animal  behavior  events  occuring  in  an 
unarmed  A-4  cockpit  was  achieved.  The  quality  and  quantity  of  the  base- 
line data  collected  was  sufficient  to  initiate  the  elements  of  a realistic 
analytical  model  that  may  be  used  to  perform  design  trade-off  studies  in 
the  context  of  pool  fire  survivability. 

In  the  following  discussion,  secondary  objectives  are  numbered  to 
correspond  to  the  items  in  the  list  in  the  previous  section. 

1.  Determination  of  the  occurrence  and  concentrations  of  toxic  gas 
and  oxygen  deficiencies  are  given  in  Appendixes  F,  G,  and  H.  It  was 
found  that,  for  the  cockpit  studied,  heat  was  more  critical  to  pilot 
survival  than  toxicity. 

2.  The  experimental  results  reported  could  not  have  been  obtained 
without  the  use  of  the  underground  facility  described  in  Appendix  A. 

3.  The  use  of  rats  and  mice  to  determine  the  physiological  response 
of  humans  to  various  aspects  of  cockpit  degradation  proved  to  be  indis- 
pensable, as  discussed  in  Appendix  G.  The  animal  as  a physiological 
transducer  is  significantly  superior  to  any  man-made  transducer. 

4.  Telemetry  was  shown  in  Appendix  J to  be  an  excellent  means  for 
attaining  pool  fire  data. 

5.  Appendix  K discusses  motion  picture  coverage  that  was  used  to 
obtain  data  useful  to  characterize  what  a pilot  would  experience  visually 
during  a fire. 
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6.  The  feasibility  of  stopping  a large  pool  fire  at  a predetermined 
point  in  a test  to  preserve  the  vehicle,  equipment,  and  test  animals  for 
post-test  analysis  was  demonstrated  and  is  discussed  in  Appendixes  L 

and  M. 

7.  Finally,  problems  were  identified  and  solutions  found  for 
measuring  heat  flux  and  temperature  (Appendix  E),  smoke  (Appendix  II), 
toxic  gases  (Appendix  F) , and  animal  behavior  (Appendix  C)  in  a simulated 
carrier  deck  fire. 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

The  conclusions  which  follow  are  made  in  the  context  of  baseline 
information  obtained  from  a single  full-scale  experiment. 

Heat  transfer  mechanisms  (Appendix  E)  are  more  critical  to  pilot 
survivability  than  those  of  toxic  gas  production  (Appendix  F) . The 
influence  of  smoke  in  reducing  visibility  for  the  pilot  and  thereby 
jeopardizing  his  chances  for  survival  is  significant  (Appendix  H).  The 
levels  of  toxic  gases  measured  during  the  test  are  not  great  enough  to 
produce  serious  short-term  effects  in  the  pilot  (Appendix  F) . It  is  not 
known  what  influence  the  pilot's  clothing,  parachute,  or  extraneous 
paraphernalia  would  have  on  these  baseline  conclusions. 

The  cockpit  did  not  get  "hot"  until  the  canopy  failed.  At  that 
time  flame  effluent  penetrated  through  the  cockpit  from  the  holes  (from 
melted  aluminum)  in  the  floorboard.  The  time  to  canopy  failure  was 
192  seconds.  This  time  would  have  been  shorter  had  the  pool  fire 
developed  more  quickly,  as  in  an  unrealistic  no-wind  condition.  Under 
ideal  conditions  a pool  fire  can  develop  fully  in  20  seconds.  Thus  it 
is  conceivable  that  the  canopy  could  have  failed  at  110  seconds. 


RECOMMENDATIONS 

1.  Fire-hardened  canopy  concepts  should  be  tested  using  an  insu- 
lated A-4  cockpit  hull  suspended  at  the  proper  height  within  a pool  fire. 
Such  tests  should  be  Instrumented  so  that  heat  and  light  are  measured. 
Such  data  could  then  be  used  to  specify  realistic  requirements  for  the 
physical  properties  of  canopies. 

2.  Pool  fire  tests  should  be  performed  emphasizing  the  baseline 
behavior  of  the  A-4  wing  and  fuselage.  Dummy  weapons  should  be  suspended 
under  the  wings.  Retrofit  concepts  should  be  evaluated  to  harden  the 
cockpit  at  the  same  time. 
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3.  Aluminum  skins  melt  in  the  fire  environment.  The  use  of  a 
steel  film  or  other  active  or  passive  (nontoxic)  inorganic  materials  as 
fire  walls  within  the  cavity  should  be  considered. 

4.  Doors  to  wheel  wells  should  be  designed  to  be  closed  at  all 
possible  times.  They  should  be  opened  only  during  maintenance  when  an 
attendant  requires  access  to  the  electrical  and  hydraulic  systems. 

5.  An  emergency  fireproof  ladder  is  needed  to  enable  the  pilot  to 
escape  and  to  allow  fire  fighters  to  reach  the  pilot. 

6.  A fire-sensing  signal  could  he  provided  to  warn  the  pilot  of  a 
pool  fire  so  that  he  could  take  appropriate  action  (abandon  aircraft  or 
taxi  away) . 

7.  Modeling  of  the  cockpit  structural  degradation  behavior  should 
be  initiated  using  data  from  this  report. 

8.  Transducers  (including  animals)  identified  in  this  report  should 
be  further  developed  and  standards  established  for  their  use  in  future 
fire-testing  of  components  and  full-scale  items. 

9.  A pool  fire  characterization  model  should  be  developed. 

10.  The  cockpit  test  (after  fire-hardening)  should  be  repeated, 
using  armed  devices  within  the  cockpit. 

11.  Lifetime  of  electronic  gear  needed  to  control  critical  aircraft 
functions  during  fuel  fire  buildup  should  be  evaluated. 

12.  A statistically  significant  number  of  animals  should  be  used  in 
future  data-gather ing  studies. 
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Appendix  A 
FIRE  FACILITY 
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Appendix  A 
FIRE  FACILITY 


The  main  elements  that  were  brought  together  at  the  test  facility 
to  accomplish  the  test  were  an  A-4  cockpit  including  the  fuselage  fuel 
tank,  various  data-gather ing  systems,  and  firefighting  personnel  and 
equi pment . 


A survey  of  existing  test  facilities  revealed  that  no  facility  was 
available  that  could  both  accommodate  a simulated  carrier  deck  fire  and 
provide  the  quality  and  amount  of  data  required  by  the  task  objectives. 
Consequently,  a fire  facility  was  designed  and  partially  completed  at 
the  Naval  Weapons  Center. 


A sketch  of  the  test  facility  that  was  originally  designed  and  pro- 
posed is  shown  in  Figure  A-l.  This  design  incorporated  a concrete  pad 
and  fire  pan.  An  A-4  aircraft  cockpit  section  is  shown  situated  at  the 
center  of  the  fire  pan.  A 3-inch  (76-mm)  inside  diameter  insulated 
umbilical  connects  the  test  item  to  the  instrument  bunker  in  the  tunnel 
directly  below.  A 7-foot  (2.1-m)  diameter  tunnel  connects  the  instrument 
bunker  to  the  fire  control  barricade  on  one  side  and  to  an  emergency 
exit  and  air  vent  on  the  other.  Electric  power  lines,  data  lines,  and 
water  lines  are  routed  from  the  control  barricade  through  the  tunnel  to 
the  instrument  bunker.  The  Initial  design  also  incorporated  a built-in 
fire  protection  system  with  hydrants  at  each  corner.  A dam  at  one  end 
of  the  fire  pan  would  allow  the  pan  to  hold  water  on  which  fuel  would  be 
floated  during  a test.  The  dam  would  be  opened  to  let  the  remaining  fuel 
and  water  drain  into  a nearby  dump  after  the  test  was  concluded. 

Because  of  funding  constraints  on  the  program,  only  the  underground 
part  was  completed  as  proposed.  For  the  remainder  of  the  facility  a 
temporary  fire  pan  was  bulldozed  in  the  earth  and  lined  with  plastic. 
Figure  A-2  shows  a sketch  of  the  actual  facility  that  was  used.  The 
Navy  A-4  aircraft  used  as  the  test  item  is  pictured  on  the  fire  pan  in 
Figure  A-3.  Figure  A-4  is  a photograph  of  the  completed  220-foot  (66-m) 
long  tunnel,  looking  toward  the  instrumentation  bunker  from  the  fire 
control  barricade.  A blower  in  the  barricade  provided  a positive  pres- 
sure to  move  fresh  air  through  the  tunnel  and  instrumentation  bunker  and 
out  through  an  exhaust  port  at  the  other  end  of  the  tunnel,  thus  protect- 
ing test  personnel  from  possible  accumulation  of  toxic  gases.  No 
permanent  instrumentation  was  Installed  in  the  facility.  Instead,  the 
particular  instrumentation  that  is  required  will  be  installed  for  each 
experiment.  At  present  the  facility  has  both  flexibility  and  vast 
potential  for  further  development.  A variety  of  possible  applications 
of  the  facility  is  suggested  by  the  drawings  in  Figure  A-5,  which  illus- 
trate a number  of  different  items  that  could  be  accommodated  for  future 
testing. 
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FIGURE  A-l.  Artist’s  Conception  of  Proposed  Design  for  Fire  Test  Facility. 
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FIGURE  A-5.  Composite  Sketch  of  Possible  Uses  of  Fire  Test  Facility. 
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Appendix  B 
MANIKIN 

Instrumented  lifelike  manikins  that  can  be  used  for  fire  work  exist 
and  are  useful  for  evaluating  pilot  clothing,  etc.5  However,  since  the 
cockpit  test  objectives  emphasized  degradation,  the  expense  of  such  a 
manikin  was  not  warranted  for  this  baseline  test. 

A sheetmetal  [0.62-inch-thick  (15 .7-mm-thiek)  stainless  steel] 
manikin  was  constructed  for  this  test  to  represent  a pilot  in  the  cockpit 
(Figure  B-l ) . The  small  box  on  the  rod  extending  out  from  the  lower 
front  part  of  the  manikin  is  a three-dimensional  calorimeter  to  measure 
the  amount  of  heat  contained  in  the  cockpit  and  the  direction  of  the  heat 
source.  Also  extending  out  from  the  front  of  the  lower  section  is  an  ice 
bath  for  thermocouples.  Redundant  signals  from  the  sensors  are  sent  via 
an  RF  transmitter  and  through  a land  line  to  the  telemetry  receiving  van. 
A detailed  description  of  the  calorimeter  system  is  given  in  Appendix  E. 
Figure  B-2  provides  interior  views  of  the  upper  and  lower  sections  of 
the  manikin.  The  top  section  contained  a water- jacketed  cylinder  to 
house  a motion  picture  camera.  The  lower  section  contained  a second 
water-jacketed  cylinder  to  house  encoding  electronics  and  a telemetry 
transmitter.  A microphone  was  also  housed  in  the  lower  section  to 
record  what  a pilot  would  hear  in  the  cockpit.  Figure  B-3  shows  the  two 
water-jacketed  cylinders,  the  camera,  and  the  camera  lens. 


UPPER  SECTION 

CONTAINING 

CAMERA 


TRANSDUCER 
SIGNAL  CONDITION- 
ING ELECTRONICS 


MICROPHONE  LOCATION 


LOWER  SECTION 
CONTAINING  TM 


FIGURE  B-l.  Exterior  View  of  Manikin  Before  It  Was  Put  Into  Cockpit.  (Neg.  LHL  185687) 


5 Tichner  and  R.  Bendler.  "Thermo  Man  Tester,”  Instruments  and  Control  Systems.  June  1974,  pp.  39-42. 
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(b)  Lower  Section 

FIGURE  B-2.  Interior  Views  of  Manikin.  (Neg.  LHL  185690  [top] 
and  185686  [bottom] ) 
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MOVIE  CAMERA  (GO 
INSIDE  CAN.  LOOKING 
TOWARD  LEU 


ERA  AND 
S WATER 
D JACKET 
S IN  UPPER 
N OF 


WATER  JACKET  TO 
COVER  LENS  (FITS  ON 
TOP  OF  CAN  THAT 
HOUSES  CAMERA) 


PERISCOPE-TYPE  LENS 


FIGURE  B-3.  Lens,  Camera,  and  Water  Jackets  Used  Inside  Manikin.  (Neg.  LHL  18568$) 


The  quartz  glass  window  near  the  top  of  the  front  plate  of  the 
manikin  (Figure  B-l)  provides  an  opening  for  a 16-mm  motion  picture 
camera  utilizing  a 3-mm  wide-angle  lens.  During  the  test  the  camera 
recorded  what  a pilot  might  see  in  such  a fire.  In  particular  it 
recorded  the  occurrence  of  smoke,  the  entry  of  the  fire  into  the  cockpit, 
and  the  activity  of  a mouse  on  a ferris-wheel-type  treadmill.  The 
treadmill  was  put  near  the  starboard  windshield  within  view  of  the 
camera,  where  the  mouse  would  be  exposed  to  heat,  toxic  gas,  and  other 
physiological  stimuli  that  occur  in  the  fire.  It  is  noted  that  the 
response  of  a single  animal  is  not  statistically  significant. 

In  still  another  experiment  associated  with  the  manikin,  a rat  was 
placed  in  the  pilot's  helmet  atop  the  manikin  (Figure  B-4) . The  rat, 
which  had  EEG  and  EKG  electrodes  implanted  in  its  head  and  chest,  was 
strapped  into  a sling.  Leads  from  the  electrodes  were  connected  to 
amplifying  circuits  in  the  helmet.  Signals  from  the  electrodes  were 
transmitted  to  recording  instruments  in  the  telemetry  van  via  the  trans- 
mitter in  the  manikin  to  record  the  brain  and  heart  activity  of  the  rat 
during  the  fire.  Cockpit  air,  containing  potentially  toxic  gas,  breathed 
by  the  cockpit  rat  was  also  circulated  to  a control  rat  in  the  instrument 
bunker  below.  A 0.25-inch  (6. 3-mm)  diameter  stainless  steel  tube  (some 
20  feet — 6 m — long)  with  its  open  end  just  in  front  of  the  nose  of  the 
cockpit  rat  passed  through  the  umbilical  down  to  the  instrument  bunker. 
There  it  provided  the  air  the  control  rat  breathed  during  the  test.  It 
is  unknown  how  much  of  the  toxic  products  are  absorbed  in  such  a tube. 
Farther  details  on  the  rat  and  mice  experiments  and  the  movie  camera 
mounted  in  the  manikin  are  given  in  Appendixes  G and  K.  After  the  camera 
and  instrumentation  were  put  into  place  for  the  test,  the  remaining  space 
between  the  inner  cylinders  and  the  outer  shell  were  filled  with  dia- 
tomaceous  earth  to  insulate  the  inner  items  from  heat  and  fire  damage. 
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FIGURE  B-4.  Rat  With  EEC  and  EKG  Electrodes  Connected  to 
Telemetry  Transmitter  (At  Left).  (Neg.  LHL  187263) 
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Appendix  C 
COCKPIT  LAYOUT 
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Appendix  C 

COCKPIT  INSTRUMENTATION 


A diagram  and  numbered  callouts  showing  the  Interior  arrangement  of 
one  version  of  an  A-4  cockpit  Is  given  In  Figure  C-l  for  general  refer- 
ence only.  The  cockpit  tested  (shown  In  Figure  C-2)  was  significantly 
different  from  that  shown  In  Figure  C-l.  Because  of  Navy  procurement 
practice  and  continuous  component  upgrading.  It  Is  unlikely  that  the 
chemical  composition  of  the  Items  Illustrated  can  be  labeled  with  any 
conf idence . 

The  A-4  cockpit  Interior  was  equipped  with  sensors  to  measure  heat, 
temperature,  smoke,  toxic  gas,  shock,  pressure,  light,  sound,  and  animal 
brain  and  heart  activity.  Heat-  and  temperature-measuring  transducers 
were  also  attached  to  the  outside  of  the  cockpit.  In  addition,  three 
mutually  perpendicular  accelerometers  were  mounted  inside  the  manikin  to 
measure  acceleration  in  case  of  an  explosion,  a sound  microphone  was 
Installed  in  the  manikin  to  record  what  a pilot  would  hear  in  a fire, 
and  a differential  pressure  transducer  was  Installed  inside  the  cockpit 
with  an  extension  tube  to  the  outside  to  measure  any  pressure  differen- 
tial that  might  occur.  The  various  systems  are  shown  in  Figure  C-3. 
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FIGURE  C-2.  View  of  Instrument  Panel  of  A-4  Test  Item.  (Neg.  LHL  186977) 
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FIGURE  C-3.  Cockpit  Instrumentation  Systems. 
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Appendix  D 
TEST  LOG 


Hie  test  was  started  about  0715  on  16  April  1975.  Early  in  the 
morning  7,000  gallons  (26,500  liters)  of  water  were  dumped  into  the  fire 
pan,  while  the  animals  were  being  made  ready  for  the  test.  About  an 
hour  before  the  test  started,  a rat  and  a mouse  were  put  into  place  in 
the  cockpit,  and  a control  rat  and  two  mice  were  placed  in  the  instrumen- 
tation bunker.  After  the  cockpit  canopy  was  closed,  EEC  and  EKG  readings 
from  both  rats  were  checked  to  see  that  the  instrumentation  systems  were 
working. 

One  20-gallon  (75.7-liter)  gasoline  half-drum  was  placed  below  the 
front  of  the  A-4  and  another  below  the  rear.  The  half-drums  were  on 
pivots  so  they  could  be  remotely  dumped.  Five  flares  were  arranged  so 
as  to  ignite  the  fuel  evenly  around  the  cockpit.  JP-5  fuel  was  poured 
onto  about  5 inches  (127  mm)  of  water  in  the  75-foot  (22.5-m)  diameter 
fire  pan.  Figure  D-l  shows  a plot  of  wind  velocity  made  by  Stanford 
Research  Institute  personnel  in  their  trailer  at  the  test  site. 

The  data  recording  systems  were  started,  the  two  gasoline  drums 
were  dumped,  and  the  five  flares  were  initiated.  Only  two  of  the  five 
flares  ignited,  and  consequently  the  fire  developed  unevenly,  burning 
more  on  the  starboard  than  on  the  port. 

The  fire  was  allowed  to  bum  until  a cockpit  thermocouple  registered 
a temperature  that  indicated  the  fire  had  penetrated  the  cockpit.  At 
this  point  the  test  director  signaled  the  firefighting  crew  to  extinguish 
the  fire  to  preserve  as  much  information  from  the  test  as  possible.  An 
earthen  bank  at  one  side  of  the  test  site  prevented  the  firefighting  crew 
from  approaching  the  fire  from  upwind,  as  would  have  been  optimal. 
Nevertheless,  despite  having  to  attack  the  fire  crosswind,  they  extin- 
guished it  within  16  seconds.  The  total  time  of  the  test  was  243  seconds. 

When  the  fire  was  out,  the  firemen  entered  the  cockpit  and  retrieved 
the  rat,  which,  though  badly  burned,  was  found  to  be  still  alive  upon 
being  examined  by  Dr.  Steve  Packham  of  the  University  of  Utah.  The  mouse 
in  the  cockpit  had  perished.  Two  firemen  with  gas  masks  then  went  into 
the  tunnel  to  check  for  toxic  gas.  No  toxic  gas  was  detected,  as  indi- 
cated by  the  fact  that  two  canaries,  which  had  been  placed  in  the 
instrumentation  bunker,  were  alive  and  well. 

The  data-gather ing  systems  were  turned  off,  the  fresh  air  bloweis 
were  turned  on,  and  test  personnel  began  checking  the  data  that  had  been 
recorded. 
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FIGURE  D-l . Wind  Velocity  During  Test  as  Recorded  by  Stanford  Research  Institute. 
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APPENDIX  F. 

CALORIMETER  CONSTRUCTION  AND  COCKPIT  HEAT  MEASUREMENTS 
HEAT  FLUX  MEASUREMENTS 

Heat  flux  measurements6  must  be  made  Independently  of  temperature 
measurements  during  transient  non-steady-state  burning  experiments, 
because  thermal  energy  conversion  processes  cannot  be  otherwise  quantified. 

Slug  calorimeters  can  be  used  as  transducers  to  estimate  the  heat 
flux  available  for  heating  a test  item.7’8  The  principle  of  such  a 
transducer  is  to  measure  the  amount  of  heat  stored  during  a given  time, 
utilizing  the  thermal  storage  capacity  of  a known  mass.  The  modeling 
equation  is 


q 


pcL 


dT 
n 

dt 


(E-l) 


where 

q = a measure  of  the  heat  flux 
L « thickness 
p * density 
c * heat  capacity 
Tm  = mean  temperature  of  the  mass 
t * time 

F.quation  E-l  can  be  used  only  as  a first-order  approximation  for  measur- 
ing transient  heat  flux. 

Two  versions  of  a thick-film  slug  calorimeter  were  used  to  estimate 
transient  heat  flux  within  the  A-4  cockpit.  The  first  version  was 
designed  to  approximate  a one-diraens iona'l  transducer.  Its  construction 
is  shown  in  Figure  E-l(a),  (b) , (c),  (d) , (e) . Figure  E-l(a)  shows  the 
backside  of  the  machined  element,  made  of  Armco  iron  sheet.  Its  overall 
dimensions  are  0.0625  by  0.75  by  0.75  inches  (1.6  by  19  by  19  mm). 


N a v i Ordnance  Laboratory.  White  Oak.  A Mobile  Field  laboratory  for  hires  of  Opportunity . by  R S Algct 
and  I R Nichols.  Sliver  Spring.  Md  . NOL,  10  October  1973  P 118  (Report  No  NOLTR-73-87.  publication 
UNCLASSIFIED.) 

7 II  timber,  S.  l.rk,  and  U.  CnguU.  Fundamentals  of  Heal  Transfer  New  York,  McC.raw-Hill,  19bl.  P.  5. 

* D.  J.  Caines  "Selecting  Unsteady  Heat  Mux  Sensors"  Instruments  and  Controls  Systems.  May  1972.  Pp. 
80  83. 
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(a)  Backside  of  machined  element  with  (b)  Cavity  filled  with  diatomaceous  earth, 

thermocouple  welded  to  disk.  (Neg.  LHL  (Neg.  LHL  192307) 

192306) 


(c)  Mica  cover  plate  over  diatomaceous 
earth.  (Neg.  LHL  192303) 


(d)  Junction  of  thermocouple  and  lead 
wire.  (Neg.  LHL  192304) 


(e)  Ceramic  coating  over  entire 
transducer.  (Neg.  LHL  192305) 

FIGURE  E-l.  Construction  of  One-Dimensional  Transducer. 


42 


NWC  TP  5812 


The  diameter  of  disk  (the  circular  section  remaining  after  the 
cylindrical  recess  was  machined  out)  is  0.50  inch  (12.7  mm);  Its  thick- 
ness is  0.005  i 0.0005  inch  (0.127  ± 0.013  mm).  A 0.001-inch  (0.025-mm) 
(AGW-50)  chromel-alume 1 thermocouple  is  shown  welded  to  the  disk.  The 
functional  junction  is  near  the  center  of  the  disk.  Figure  E-l(b)  shows 
the  cavity  full  of  diatomaceous  earth.  Figure  F.-l(c)  shows  a 0.001-inch 
(0.025-mm)  mica  cover  sheet  in  place,  used  to  retain  the  diatomaceous 
earth.  Figure  E-l(d)  shows  a junction  where  the  0.001-inch  (0.025-mm) 
thermocouple  is  spliced  to  0.010-inch  (0.25-mm)  wire.  The  larger  wire 
is  anchored  to  the  basic  element  by  two  setscrews.  In  Figure  E-l(e)  is 
shown  a protective  coating  of  ceramic.  This  transducer  is  positioned  on 
the  test  item  so  that  its  face  is  toward  the  direction  of  the  oncoming 
heat . 


The  second  version  of  the  slug  calorimeter  was  designed  to  approxi- 
mate a three-dimensional  transducer  (Figure  E-2(a) , (b)).  Figure  E-2(a) 
shows  an  interior  view  of  the  transducer.  It  is  made  of  six  Armco  iron 
plates,  each  3 by  3 by  0.0625  inches  (76.2  by  76.2  by  1.6  mm),  that  are 
thermally  insulated  from  each  other.  Two  thick-film  disks  were  machined 
in  each  of  the  six  plates.  One  disk  was  0.030  inch  (0.762  mm)  thick  and 
the  other  was  0.010  inch  (0.254  mm).  The  diameter  of  each  disk  was 
0.75  inch  (19  mm).  The  construction  of  this  slug  calorimeter  differed 
from  that  in  Figure  E-l  in  that  a glass  container  of  silicone  oil  was 
placed  in  the  cavity  instead  of  diatomaceous  earth.  A second  0.001-inch 
(0.025  mm)  thermocouple  was  placed  in  the  silicone  oil  in  each  element. 

A splice  similar  to  that  shown  in  Figure  E-l  can  be  seen  in  Figure  E-2(a) 
The  entire  cavity  inside  the  transducer  (inside  the  box)  was  filled  with 
diatomaceous  earth.  Figure  E-2(b)  shows  the  assembled  transducer. 

Ceramic  caulking  was  used  to  seal  the  seams.  In  principle,  each  of  the 
five  exposed  faces  provided  an  independent  measurement  of  transient  heat 
flux  along  the  principal  axes. 


Figure  E-3  shows  the  placement  of  seven  one-dimensional  transducers 
(FI  through  F7)  in  the  A-4  cockpit.  The  three-dimensional  transducer  was 
mounted  on  the  manikin,  which  was  placed  in  the  pilot's  position  in  the 
cockpit  (see  Figure  C-3) . 


Figure  E-4  shows  the  outputs  from  the  seven  one-dimensional  trans- 
ducers. The  outputs  are  derived  from  the  thermocouples  attached  to  the 
slug  calorimeters  (Figure  E-l(a)).  By  assuming  that  this  temperature  is 
Tm,  then  estimates  of  q can  be  made  using  Equation  E-l. 
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(b)  Outside  view.  (Neg.  LHL  186392) 


(»)  Interior  view.  (Neg.  LHL  186391) 
FIGURE  E-2.  Three-Dimensional  Calorimeter. 
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TIME  SE  CON  OS 


FIGURE  E-4.  Mean  Temperature  Change  of  Slug  Calorimeters. 


An  overview  of  Figure  E-4  shows  that  the  interior  of  the  cockpit 
was  not  being  significantly  heated  during  the  test,  with  the  exception 
of  F5.  The  maximum  heating — q <0,15  BTU/ft2-sec  (1702  W/m2) — occurred 
on  the  starboard  side  of  the  aircraft  as  shown  by  transducer  F5 . That 
the  heating  of  the  cockpit  was  not  symmetric  is  demonstrated  in  that  F2 
heated  more  slowly — q <0.05  BTU/ft2-sec  (567  W/m2) — than  F5.  F2  sensed 
initial  heating  at  59  seconds.  At  about  185  seconds  the  heating  rate 
increased  to  that  initially  experienced  by  F5 . F5  sensed  heat  at  11  sec- 
onds and  was  saturated  at  123  seconds.  The  saturation  time  suggests 
steady-state  heating  of  the  starboard  interior  side  of  the  cockpit 
between  123  and  210  seconds.  The  increase  in  cockpit  heating  after 
210  seconds  is  due  to  heat  entering  the  cockpit  via  cracks  in  the  cock- 
pit and  not  because  of  the  fire  getting  hotter. 


The  response  of  transducers  FI,  F3,  F4,  F6,  and  F7  to  heating  were 
negligible  until  224  seconds.  At  this  time,  as  confirmed  by  the  camera 
within  the  cockpit  (at  222  seconds),  the  cockpit  was  filled  with  fire 
effluent  gas.  Cockpit  heating  in  the  regions  where  the  transducers  were 
located  was  modest — q <0.15  BTU/ft2-sec  (1702  W/m2) — until  the  end  of 
the  test.  This  observation  was  confirmed  by  post-test  inspection  of  the 
cockpit  interior.  Prior  to  obvious  fire  effluent  gas  penetration  into 
the  cockpit,  as  confirmed  by  the  camera  within  the  cockpit,  increased 
heating  of  F6  began  at  214  seconds  as  a result  of  canopy  fracture  which 
started  at  205  seconds  (based  on  film  speed).  F6  recorded  its  first 
rise  at  134  seconds. 

The  three-dimensional  calorimeter  location  in  the  cockpit  was 
chosen  to  be  representative  of  where  the  pilot's  hands  would  be  most  of 
the  time.  That  position  also  provided  the  best  three-dimensional  view 
of  the  cockpit  interior. 
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The  typical  response  of  a thermocouple  sensing  the  temperature  rise 
of  all  slugs  in  the  three-dimensional  transducer  is  shown  in  Figure  E-5. 
The  essential  feature  is  that  no  significant  heat  is  observed  until  about 
205  seconds.  The  face  of  the  transducer  viewing  the  forward  instrument 
panel  sensed  a heat  rate  of  0.46  BTU/ft?-sec  (5221  W/m?)  between  213  and 
222  seconds.  The  port  and  starboard  faces  recorded  only  about  0.022  BTU/ 
ft2-sec  (250  W/m2)  between  211  and  231  seconds.  The  bottom  face  measured 
about  0.94  BTU/ft2-sec  (10,700  W/m2)  between  208  and  232  seconds  and  the 
top  face  measured  about  0.32  BTU/ft2-sec  (3600  W/m2)  between  203  and 
232  seconds.  These  data  are  summarized  in  Figure  F.-6.  They  suggest  that 
initial  significant  heating  came  from  the  canopy  region  first  (203  sec- 
onds). Next  a relatively  hot  burst  came  from  below  at  208  seconds.  The 
entire  region  where  the  three-dimensional  transducer  was  located  was 
heated  during  the  period  from  213  to  232  seconds.  By  232  seconds,  light 
water  from  the  firefighting  equipment  had  cooled  the  interior  of  the 
cockpi t . 

The  significance  of  the  levels  of  heat  flux  measured  within  the 
cockpit  is  indicated  by  Figure  E-7.  This  graph  indicates  the  pain 
threshold  for  humans.  For  example,  the  0.94  BTU/ft2-sec  (10,700  W/m2) 
measured  in  the  cockpit  between  208  and  232  seconds  represents  unbearable 
pain  after  some  3 seconds  of  exposure  time.  This  and  additional  data 
relating  heat  flux  to  human  survival  time  can  be  found  in  an  article 
published  in  the  Journal  of  the  American  Medical  Association . 9 


TIME.  SECONDS 


FIGURE  E-5.  Typical  Response  of  Thermocouple  Sensing  Temperature  Rise  of  Slugs  in 
Three-Dimensional  Transducer. 


^ K.  Hurttner.  “Effect*  of  Extreme  Heat  on  Man.”  Amir  Mrtl  Ass  J.,  28  October  1950.  pp.  732  58 
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CANOPY 

0 32  BTU/FT2  SEC 
(203  232  SEC) 


INSTRUMENT 


0 46  BTU/FT  - SEC  2 

(213-222  SEC)  BTU/FT  -SEC 

(208-232  SEC) 


FIGURE  E-6.  Summary  of  Maximum  Heal  Flux  Data. 

In  addition  to  the  use  of  slug  calorimeters  to  measure  heat  flux, 
thermocouples  were  placed  at  various  points  in  the  aircraft  to  measure 
the  temperatures  generated  by  the  fire.  Thermocouples  were  also  placed 
outside  the  cockpit  to  determine  how  fire  impinged  on  the  cockpit  boun- 
daries, i.e.,  the  forward  bulkhead,  port  side,  starboard  side,  floor- 
board, back  side,  and  top.  External  thermocouple  leads  were  adequately 
Insulated  (for  a sustained  1700°F  or  925°C  environment)  and  attached 
to  the  steel  re-bar  cage  around  the  aircraft  as  shown  in  Figure  E-8. 
Internal  thermocouple  leads  (0.005  inch  or  0.122  mm  in  diameter)  were 
used  that  were  electrically  insulated  for  temperatures  to  500°F  (260°C). 
Such  insulation  was  deemed  adequate  since  temperatures  to  200°F  (93°C) 
would  be  presumed  intolerable  for  the  pilot. 
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FIGURE  b-7.  Radiant  Heat  Versus  Exposure  Time  lor  Unbearable 
Pain  and  Third-Degree  Burns. 


EXTERNAL  HEATING 

As  discussed  earlier,  wind  and  gusts  caused  the  fire  plume  to  be 
deflected  as  shown  In  Figure  E-9.  These  conditions,  together  with  the 
protective  effect  of  the  wings,  prevented  the  pool  fire  from  heating  the 
insulated  aft  portion  of  the  aircraft.  Fortunately,  conditions  were 
such  that  the  cockpit  section  was  engulfed  by  fire,  as  confirmed  by  the 
movie  camera  within  the  manikin.  Unfortunately,  the  external  thermo- 
couple data  was  lost  (due  to  recorder  power  failure),  and  hence  flame 
characterization  could  not  be  evaluated  since  there  was  no  telemetry 
backup. 


* 
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FIGURE  E-8.  A4  Enshrouded  in  Steel  Re-Bar  Cage  for  Supporting 
Exterior  Thermocouples.  (Neg.  LHL  192308) 


FIGURE  E-9.  A4  Pool  Fire  Deflected  by  Prevailing  Wind.  (Neg.  LHL 
187354) 
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BACK  SIDE  HEATING 

A thermocouple  rake  was  placed  within  the  fuselage  fuel  tank 
directly  behind  the  cockpit.  The  data  from  these  thermocouples  were 
lost.  However,  post-test  Inspection  revealed  that  the  rubber  fuel 
bladder  suffered  no  damage,  even  though  the  bottom  of  the  bladder  was 
directly  exposed  to  fire  after  the  bottom  aluminum  skin  melted  through. 
No  damage  was  suffered  because  the  bladder  being  full  of  fuel  acted  as 
a heat  sink  protecting  the  rear  of  the  cockpit.  The  consequence  was 
that  the  fuselage  fuel  tank  actually  protected  the  rear  of  the  cockpit 
from  the  fire.  Post-test  inspection,  confirmed  by  gas  analysis,  showed 
no  evidence  of  fuel  leaking  into  the  cockpit  during  the  test. 

A slug  calorimeter  was  placed  on  the  back  of  the  seat  facing  aft  to 
detect  potential  heating  from  the  fuselage  fuel  tank.  Its  output  is 
shown  in  Figure  E-10.  No  appreciable  heating  was  recorded  before  the 
canopy  failed. 


FIGURE  E-10.  Output  of  Slug  Calorimeter  Placed  on  Back  of  Pilot’s  Seat,  Facing  Aft. 


NOSE  CONE  HEATING 

A thermocouple  and  a slug  calorimeter  were  placed  inside  the  fiber- 
glass nose  cone,  which  houses  the  radar  and  a radio  filter  screen,  to 
measure  the  development  of  heat  in  that  section.  The  thermocouple  was 
placed  on  the  inner  lower  surface  of  the  fiberglass  about  1 ft  (0.3  m) 
in  front  of  the  cockpit  bulkhead  hinge.  The  slug  calorimeter  was 
placed  on  the  radio  filter  screen  on  the  outer  surface  of  the  forward 
cockpit  bulkhead,  facing  the  interior  of  the  cone. 

The  response  of  the  thermocouple  is  shown  in  Figure  E-ll.  Initial 
heating  was  detected  at  7.4  seconds  after  ignition.  Heating  remained 
relatively  uniform  until  152  seconds,  at  which  time  the  thermocouple 
failed,  perhaps  suggesting  that  the  nose  cone  was  destroyed  by  fire  or 
mechanically  detached. 
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FIGURE  E-ll.  Output  uf  Thermocouple  Located  I Foot  (0.3  m)  in 
Front  of  Bulkhead  Hinge  in  Nose  Cone. 


The  slug  calorimeter  response  Is  shown  in  Figure  E-12.  Initial 
heating  was  detected  at  21  seconds.  The  heating  rate  was  about  0.05  BTU/ 
ft2-sec  (567  W/m2).  At  95  seconds  the  heating  rate  Increased  signifi- 
cantly to  4.5  BTU/ft2-sec  (51,048  W/m2).  That  rate  continued  until 
99  seconds,  when  the  slug  calorimeter  malfunctioned.  It  would  appear, 
then,  that  the  forward  bulkhead  experienced  fire-related  heating  begin- 
ning at  95  seconds. 

The  apparent  premature  failure  of  the  thermocouple  and  slug  calo- 
rimeter was  due  to  the  lead  wires  not  being  insulated.  However,  the 
information  that  was  desired  from  these  transducers  was  obtained. 
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FIGURE  &12.  Output  of  Slug  Calorimeter  Placed  on  Radio  Access  Filter 
Screen  in  Nose  Cone. 
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FORWARD  BULKHEAD  HEATING 

The  forward  bulkhead  served  as  an  efficient  thermal  barrier.  This 
was  confirmed  by  a thermocouple  attached  by  a screw  to  the  back  side 
of  the  bulkhead  (facing  the  interior  of  the  cockpit),  as  shown  in 
Figure  E-13.  Note  that  no  appreciable  heating  was  measured  until  about 
236  seconds  and  that  heating  was  registered  after  the  fire  in  the  cockpit 
was  put  out  by  the  firefighters  at  232  seconds. 

Heating  of  the  air  in  the  forward  port  region  of  the  cockpit  is 
indicated  from  the  data  in  Figures  E-14  through  E-19.  The  response  of  a 
thermocouple  attached  by  a screw  to  the  metal  wear  plate  on  top  of  the 
floor  covering  is  shown  in  Figure  F.-14.  The  location  of  this  thermo- 
couple was  about  8 inches  (203  mm)  from  the  centerline,  4 inches  (102  mm) 
behind  the  forward  bulkhead,  directly  on  the  cockpit  floor.  No  signifi- 
cant heating  was  indicated  until  after  222  seconds.  The  light  water 
cooling  was  never  detected.  This  lack  of  heating  was  confirmed  by  a 
slug  calorimeter  facing  the  floor  covering  in  the  proximity  of  the 
thermocouple.  The  heating  of  the  slug  calorimeter  was  negligible,  as 
shown  in  Figure  E-15.  It  would  appear,  then,  that  the  air  in  the  vicin- 
ity of  the  port  floorboard  was  nearly  ambient  during  the  test.  This 
observation  was  confirmed  by  post-test  inspection  in  that  no  significant 
discoloration,  deformation,  or  melting  of  plastics  was  observed. 

Access  doors  were  constructed  on  both  the  port  and  starboard  sides 
of  the  cockpit  to  provide  access  to  locate  thermocouples  and  slug  calo- 
rimeters in  the  forward  inner  region  of  the  cockpit.  The  doors  were 
located  5 inches  (127  mm)  behind  the  forward  bulkhead  and  8 inches 
(203  mm)  above  the  floorboard.  The  doors  consisted  of  the  original 
fuselage  skins  with  reinforced  edges.  On  the  inner  faces  of  these  doors 
a thermocouple  and  a slug  calorimeter  were  attached  to  estimate  skin 
temperature  and  heat  flux  available  to  the  interior  of  the  cockpit. 
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FIGURE  E-13.  Output  of  Thermocouple  Attached  to  Screw  on  Back  Side  of  Cockpit  Bulkhead 
(Inside  Cockpit). 
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FIGURE  E-14.  Output  of  Thermocouple  Attached  to  Screw  in  Wear  Plate  on  Top  of  Cockpit 
Floor  Covering  About  4 Inches  (10  cm)  Aft  of  Forward  Bulkhead. 


FIGURE  E-l  5.  Response  of  Slug  Calorimeter  on  Cockpit  Floorboard  Facing  Down.  About  4 Inches 
(10  cm)  From  Forward  Bulkhead  and  About  8 Inches  (20  cm)  Left  of  Centerline. 
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FIGURE  E-16.  Response  of  Thermocouple  on  Port  Access  Door. 
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FICURE  E- 1 7.  Response  of  Slug  Calorimeter  on  Port  Access  Door. 


TIME.  SECONDS 

FICURE  E-19.  Response  of  Thermocouple  Attached  to  Starboard  Access  Door. 
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The  response  of  the  thermocouple  and  slug  calorimeter  on  the  port 
access  door  is  shown  in  Figures  E-16  and  E-17,  respectively.  Initial 
heating  was  detected  at  27  seconds.  Note  that  the  melting  temperature 
of  the  aluminum  skin  was  not  reached  before  the  fire  was  extinguished. 
Also,  no  appreciable  cooling  was  detected,  although  the  firemen  had  just 
put  out  the  fire. 


Further  evidence  that  the  forward  interior  port  section  of  the 
cockpit  remained  near  ambient  temperature  through  most  of  the  fire  is 
suggested  by  a thermocouple  located  in  the  upper  corner  between  the 
forward  bulkhead  and  the  port  side  approximately  20  inches  (508  mm) 
above  the  floorboard.  The  response  of  that  thermocouple  is  shown  in 
Figure  E-18.  Modest  heating  is  shown  up  to  232  seconds,  at  which  time 
hot  effluent  gas  caused  a dramatic  temperature  rise  that  continued 
until  238  seconds.  At  this  time  the  firemen  had  the  fire  under  control. 

The  outputs  from  the  thermocouple  and  slug  calorimeter  attached  to 
the  starboard  access  door  are  shown  in  Figures  E-19  and  F.-20,  respec- 
tively. Comparison  of  Figures  E-19  and  F-20  with  their  symmetrical 
counterparts.  Figures  E-16  and  E-17,  indicates  that  the  starboard  side 
of  the  cockpit  was  heated  more  than  the  port  side,  probably  due  to  the 
previously  described  wind  condition.  Initial  heating  was  observed  at 
11  seconds.  The  starboard  fuselage  skin  reached  steady-state  conditions 
at  about  113  seconds.  There  was  no  burn-through  since  the  frame  and 
stringers  were  apparently  absorbing  the  excess  heat.  This  fact  was 
confirmed  by  post-test  inspection.  The  heat  flux  impinging  on  the  star- 
board side  of  the  cockpit  was  about  0.1  BTU/ft2-sec  (1134  W/m2)  compared 
with  about  0.01  BTU/ft2-sec  (113  W/m2)  on  the  port  side. 

A thermocouple  was  placed  behind  the  instrument  panel  in  the  forward 
bulkhead  region  with  a direct  view  of  the  sky  through  the  glareshield 
access  hole.  Its  heating  response  is  shown  in  Figure  F.-21.  Initial 
heating  was  recorded  at  8 seconds.  Its  heating  rate  was  reasonably 
constant  at  1.2°F/sec  (0.67°C/sec)  until  162  seconds.  The  observed  hump, 
which  is  related  to  canopy  failure,  is  detected  in  the  195-second  time 
domain. 


On  the  basis  of  the  above  data,  in  all  probability  no  open  fire 
existed  in  the  forward  bulkhead  region  until  the  canopy  failed  at 
192  seconds.  This  conjecture  was  substantiated  by  post-test  inspection 
of  the  dissected  cockpit  in  that  no  charred  paint  or  extensively  burned 
components  were  found. 
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FIGURE  E-20.  Response  of  Slug  Calorimeter  Attached  to  Starboard  Access  Door. 
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FIGURE  E-21 . Response  of  Thermocouple  Placed  Behind  Instrument  Panel  Near  Forward 
Bulkhead  and  With  Direct  View  of  Sky  Through  Glarcshield  Access  Hole. 


PORT  AND  STARBOARD  SIDE  HEATING 

A thermocouple  was  placed  5 inches  (127  mm)  from  each  side  of  the 
cockpit  in  front  of  each  armrest.  The  output  from  these  two  thermocouples 
is  shown  in  Figures  E-22  and  E-23  for  the  port  and  starboard  sides, 
respectively.  Interio-  cockpit  self-heating  (material  decomposition) 
behavior  is  indicated  on  the  port  side  between  96  and  161  seconds;  then 
similar  response  is  observed  between  220  seconds  and  the  end  of  the  test. 
Similarly,  for  the  starboard  side,  cockpit  material  decomposition 
behavior  is  indicated  between  104  and  135  seconds.  These  peculiar 
responses  occur  in  the  same  time  frame  that  the  cockpit  toxic  gases 
exhibited  unexpected  "reversals ."  Fire  was  observed  to  occur  at 
231  seconds. 
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FIGURE  E-22.  Response  of  Thermocouple  5 Inches  (12.7  cm)  From  Starboard 
Side  of  Cockpit  in  Front  of  Armrest  . 
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FIGURE  E-23.  Response  of  Thermocouple  5 Inches  (12.7  cm)  From  Port 
Side  of  Cockpit  in  Front  of  Armrest. 


Thermocouples  were  also  placed  adjacent  to  the  upholstery  at  the 
elbow  region  on  both  the  port  and  starboard  sides.  Their  response  is 
shown  in  Figures  F.-24  and  E-25,  respectively.  No  appreciable  heating 
was  recorded,  hence  it  is  suspected  that  the  heat  observed  above  was 
due  to  smoldering  material  forward  of,  rather  than  behind,  the  pilot's 
position. 

Thermocouples  were  attached  to  both  the  starboard  and  port  sides 
of  the  instrument  panel  facing  the  pilot's  seat.  The  outputs  from  these 
thermocouples  are  shown  in  Figures  E-26  and  E-27,  respectively.  As  was 
confirmed  by  post-test  inspection,  no  appreciable  heating  was  present 
until  the  canopy  failed. 

Another  thermocouple  was  attached  within  the  smoke  tube  of  the 
smoke-measuring  transducer,  which  was  attached  to  the  instrument  panel 
(Figure  H-6) . The  output  from  this  thermocouple  is  shown  in  Figure  E-28. 
No  appreciable  heat  was  recorded  until  the  canopy  failed. 
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FIGURE  E-25.  Response  of  Thermocouple  Adjacent  to  Upholstery  at 
Elbow  Region  on  Starboard  Side  of  Cockpit. 
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FIGURE  E-26.  Response  of  Thermocouple  Attached  to  Starboard  Side 
of  Instrument  Panel  Facing  Pilot’s  Seat. 
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FIGURE  E-27.  Response  of  Thermocouple  Attached  to  Port  Side 
of  Instrument  Panel  Facing  Pilot’s  Seat. 
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FIGURE  E-28.  Response  of  Thermocouple  Attached  Inside  Hollow  Tube  of  Smoke  Transducer. 


COCKPIT  CEILING  HEATING 

A thermocouple  was  attached  above  the  glareshield  alongside  the 
exposed  glass  ferris  wheel  containing  the  cockpit  mouse.  The  response 
of  this  thermocouple  is  given  in  Figure  E-29.  Heating  in  this  location 
began  at  211  seconds.  Further  confirmation  of  the  relative  coolness 
above  the  glareshield  was  provided  by  the  thermocouple  placed  near  the 
port  and  starboard  panels  as  shown  in  Figures  E-30  and  E-31.  The  region 
above  the  glareshield  apparently  remained  cool  until  after  the  canopy 
failed.  This  conjecture  was  confirmed  by  post-test  inspection  of  the 
glareshield.  Hence,  it  is  probable  that  the  cockpit  mouse  expired  after 
the  canopy  failed. 
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FIGURE  E-29.  Response  of  Thermocouple  Attached  Alongside 
Glass  Ferris  Wheel  Above  Glareshield. 
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FIGURE  E-30.  Response  of  Thermocouple  Placed  Above  Glareshield  Near  Port  Panel. 
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Thermocouples  were  placed  on  both  sides  of  the  helmet  housing  the 
instrumented  rat.  The  response  of  these  two  thermocouples  is  shown  in 
Figures  E-32  and  F.-33  for  the  port  and  starboard  sides  of  the  helmet, 
respectively.  The  temperature  rise  on  either  side  of  the  helmet  was 
nominal  until  after  the  canopy  failed.  Note  (in  Figure  C.-9)  that  signif- 
icant EEC  postictal  rate  activity  occurred  at  133  seconds,  suggesting 
that  the  rat  was  beginning  to  sense  heat  through  the  canopy.  The  reason 
that  higher  temperatures  were  not  recorded  after  the  canopy  collapsed 
was  that  it  melted  over  the  helmet  (see  Figure  E-34)  . It  should  be 
recognized,  of  course,  that  the  final  destruction  of  the  canopy  was 
caused  by  the  firefighters. 

A thermocouple  was  also  placed  aft  of  the  pilot's  helmet.  Its 
response  is  shown  in  Figure  E-35.  This  thermocouple  recorded  a definite 
steady  rise  in  temperature  from  about  27  seconds.  At  the  time  of  canopy 
failure  it  had  reached  127°F  (51°C).  This  temperature  rise  is  greater 
than  that  of  other  thermocouples  in  the  vicinity,  probably  because  it  was 
in  the  air  rather  than  being  attached  to  the  helmet.  The  temperature 
rise  may  be  due  primarily  to  free  convection  and  not  to  fire  radiation. 
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FIGURE  E-32.  Response  of  Thermocouple  Placed  on  Port  Side  of  Helmet. 


1.000  t 


■} 

— 



’ 



— 

— 

1 

1.  

.. ..  



__________ 



L 



j 







| 

4 



7 

^ 

X- 

X J 

— 



0 2 

7 5- 

« 8 

1 108  i; 

^ ' 

• H 

12  11 

1 T — ■ ~ ■ V 

19  216  243 

TIME.  SECONDS 

FIGURE  E-33.  Response  of  Thermocouple  Placed  on  Starboard  Side  of  Helmet. 
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FIGURE  E-34.  Helmet  and  Bottom  View  of  Rat 
After  Fire.  (Neg.  LHL  187362) 
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FIGURE  E-3S.  Response  of  Thermocouple  Placed  Behind  Pilot's  Helmet. 
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A slug  calorimeter  and  a thermocouple  were  placed  on  top  of  the 
seat  frame  (behind  the  helmet)  directed  toward  the  sky.  Their  outputs 
are  shown  in  Figures  E-36  and  E-37.  No  appreciable  heating  was  recorded 
before  the  canopy  failed. 

Thermocouples  were  attached  to  screws  on  the  inside  of  the  forward 
metal  rim  holding  the  leading  edge  of  the  canopy.  The  response  of  those 
thermocouples  for  the  port,  top,  and  outside  regions  are  shown  in 
Figures  E-38,  E-39,  and  E-40,  respectively.  Again,  heating  is  shown  not 
to  be  significant  until  after  the  canopy  fractured.  The  relatively  high 
heating  response  after  the  canopy  failed  suggests  that  the  fire  already 
existed  forward  of  the  pilot  (manikin),  as  confirmed  by  the  movie  camera 
in  the  manikin,  but  required  the  top  venting  to  propagate  inside.  Fire 
penetrated  the  starboard  top  side  of  the  canopy  first,  as  confirmed  by 
the  movie,1  thus  providing  the  required  vent. 
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FIGURE  E-36.  Response  of  Slug  Calorimeter  Placed  on  Top  of  Scat  Frame 
Behind  Helmet  and  Directed  Toward  Sky. 
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FIGURE  E-37.  Response  of  Thermocouple  Placed  on  Top  of  Scat  Frame 
Behind  Helmet  and  Directed  Toward  Sky. 
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FIGURE  &38.  Response  of  Thermocouple  Attached  to  Screw  on  Inside  of 
Metal  Rim  Holding  Leading  Edge  of  Canopy  in  Port  Region. 
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FIGURE  E-39.  Response  of  Thermocouple  Attached  to  Screw  on  Inside  of 
Metal  Rim  Holding  Leading  Edge  of  Canopy  in  Top  Region. 
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FIGURE  E-40.  Response  of  Thermocouple  Attached  to  Screw  on  Inside  of 
Metal  Rim  Holding  Leading  Edge  of  Canopy  in  Starboard  Region. 
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Thermocouples  were  also  placed  Inside  the  canopy  along  the  periph- 
ery; one  on  the  port  side,  one  on  the  starboard,  and  one  at  the  top. 

The  response  of  these  thermocouples  is  shown  in  Figures  F.-41,  F.-42, 
and  E-43.  It  is  apparent  that  little  heat  transmits  through  the  canopy 
to  the  pilot  before  the  canopy  fails.  Again,  evidence  is  found  that  the 
canopy  failure  occurred  in  the  top  starboard  quadrant  of  the  canopy. 
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FIGURE  E-41.  Response  of  Thermocouple  Placed  Inside  Canopy  Along  Periphery  on  Port  Side. 
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FIGURE  E-42.  Response  of  Thermocouple  Placed  Inside  Canopy  at  Top. 
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FIGURE  E-43.  Response  of  Thermocouple  Placed  Inside  Canopy  Along 
Periphery  on  Starboard  Side. 
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COCKPIT  FLOOR  HEATING 

The  output  of  a slug  calorimeter  attached  to  the  starboard  floor- 
board forward  of  the  pilot's  position  is  shown  in  Figure  E-44 . This  slug 
calorimeter  was  located  22  inches  (559  mm)  aft  of  the  forward  bulkhead. 
The  data  suggest  no  appreciable  heating  penetrated  the  forward  starboard 
floorboard . 

A thermocouple  was  placed  on  the  pilot's  seat  above  the  aft  floor- 
board. The  response  of  this  thermocouple  is  shown  in  Figure  E-45.  The 
heating  begins  at  59  seconds.  The  heating  is  due  to  fire  in  the  wheel 
well  eventually  penetrating  the  floorboard  and  heating  the  seat  from 
below.  Post-test  inspection  revealed  that  the  floorboard  under  the  seat 
had  melted  and  burned  through.  It  is  possible  that  this  event  contrib- 
uted to  or  caused  the  anomaly  in  the  development  of  toxic  gases  between 
120  and  150  seconds  that  is  discussed  in  Appendix  F. 
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FIGURE  E-44.  Response  of  Slug  Calorimeter  Attached  to  Starboard 
Floorboard  Forward  of  Pilot’s  Position. 
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FIGURE  E-45.  Response  of  Thermocouple  Placed  on  Pilot's  Seat  Above  Aft  Floorboard. 
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PILOT  TOLERANCE  TO  AIR  TEMPERATURE 

The  temperature  data  presented  above  Indicate  that  this  cockpit 
engulfed  in  a pool  fire  remained  relatively  cool  up  to  the  time  the 
canopy  failed.  Though  the  measured  temperatures  would  cause  discomfort, 
they  could  readily  be  tolerated  by  a pilot,  as  suggested  by  the  curve  in 
Figure  F.-46,  which  was  taken  from  an  Army  report  on  crash  survival.10 


FIGURE  E-46.  Human  Tolerance  to  Ambient  Air  Temperature. 


10  Army  Air  Mobility  Research  anJ  Development  Laboratory.  Crash  Survival  Design  Guide.  Fort  Eustis.  Va., 
October  1971.  (Tech  Report  71-22.  p.  373.  AD  733  358.  publication  UNCLASSIFIED.) 
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TOXIC  GAS  APPARATUS  AND  MEASUREMENTS 
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Appendix  F 

TOXIC  GAS  APPARATUS  AND  MEASUREMENTS 


One  of  the  objectives  of  this  study  was  to  obtain  baseline  data  on 
toxic  gases  in  a sealed  cockpit  during  the  fire.  Excluded  from  the  cock- 
pit were  pilot's  clothing,  parachute,  charts,  and  paraphernalia  on  the 
basis  that,  if  such  items  burned,  the  cockpit  would  be  considered 
uninhabitable  at  such  time.  In  general,  the  chemical  compositon  of 
materials  used  in  Navy  cockpits  are  not  known.  Therefore,  data  collected 
from  a single  aged  cockpit  are  not  statistically  significant,  but  do  have 
value  in  the  baseline  context  used  in  this  study.  In  a carrier  deck  fire 
the  presence  of  toxic  gases  could  be  a critical  factor,  if  self-contained 
breathing/eye  cover  equipment  were  not  available.  Eye  irritation, 
impairment  of  breathing,  and  degradation  of  the  mental  faculties  could 
conceivably  incapacitate  a pilot  or  prevent  him  from  functioning  alertly 
or  aiding  in  his  own  rescue  (present  Navy  SOP  is  to  eject  and  not  take 
chances)  . Data  from  a test  such  as  this  one  can  be  used  for  estimating 
acceptable  levels  of  toxic  gas  production  for  specifying  cockpit  mate- 
rials, e.g.,  specifying  the  measured  baseline  concentrations  as  acceptable 
or  unacceptable. 

Dangerous  toxic  effects  associated  with  fires  are  usually  related  to 
the  presence  of  materials  such  as  chlorine,  cyanide,  and  carbon  monoxide 
and  to  the  depletion  of  oxygen.  Other  noxious  gases  include  hydrogen 
sulfide,  sulfur  dioxide,  ammonia,  and  nitric  oxide.  Probably  many  poten- 
tial toxic  gases  and  their  effects  have  yet  to  be  identified.  Hence  the 
practice  has  been  to  measure  the  popular  species,  since  practical  measur- 
ing tools  are  readily  available.  On  the  basis  of  a literature  search  and 
interviews  with  persons  active  in  fire-related  toxicology,  a number  of 
methods  of  measuring  and  analyzing  such  gases  was  considered.I 11  From 
among  them,  the  few  that  seemed  most  appropriate  to  the  objectives  of 
this  study  were  selected  to  obtain  baseline  data.  It  is  important  to 
note  that  experimental  toxicity  is  presently  advancing  quickly,  and  hence 
the  approach  used  is  only  indicative  of  the  potential  candidate  tools  and 
methods  available. 


I • G.  Longelle  and  C.  Verdier.  “Gas  Sampling  and  Analysis  in  Combustion  Phenomena,"  AGARD  Vugraph  No. 

168,  North  Atlantic  Treaty  Organization,  Advisory  Group  for  Aerospace  Research  and  Development.  Hartford  House, 
Condon,  July  1973.  P.  180. 
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The  selected  methods  were  combined  into  a system  that  is  shown 
schematically  In  Figure  F-l . Potential  sources  of  inaccuracies  are  many, 
such  as  absorption  losses  to  plumbing.  Reasonable  precautions  were  taken 
in  the  context  of  practicality.  The  accuracy  of  the  approach  used  in 
this  study  can  be  surmised  by  the  consistency  of  the  data  collected.  As 
indicated,  air  was  circulated  from  the  cockpit  through  1 /4-inch  (6-mm) 
stainless  steel  tubing  to  the  tunnel  below,  where  it  was  sampled  by  the 
various  transducers.  The  rate  of  air  circulation  was  0.022  m3/min.  At 
the  first  station,  water  only  was  removed  from  the  gas  by  means  of  a 
dehydrator  (Model  PD-750-12  Perma  Pure  Dryer,  Oceanport,  N.J.).  Next, 
10-um  and  5-pm  filters  were  used  to  remove  particulates.  After  that  the 
gas  was  cooled  to  65#F  (18°C)  by  passing  the  tubing  through  a water  bath. 
Next  0.05-liter  gas  samplers  (Pyrex,  Corning  7740)  were  filled  for  subse- 
quent analysis.  The  remaining  gas  was  then  balanced  for  redistribution 
from  a stainless  steel  manifold  into  a NO/NOX  chemiluminescence  monitor 
(Model  AA-2,  AeroChem  Research  Laboratory,  Princeton,  N.J.),  a carborn 
dioxide  infrared  monitor  (Model  864,  Beckman  Instruments,  Fullerton, 
Calif.),  repackaged  chlorine  and  cyanide  specific  ion  monitors  (Models 
94-17  and  94-06,  Orion  Research,  Cambridge,  Mass.),  and  two  glass  con- 
tainers (Pyrex,  Coming  7740)  holding  an  instrumented  rat  and  a free- 
running  mouse  on  a glass  treadmill.  Then,  after  passing  through  a mass 
flowmeter  ahd  a pressure  regulator,  nitrogen  was  added  to  the  remaining 
gas  (about  0.001  m3/min)  and  the  gas  was  reheated  to  existing  cockpit 
temperature.  Finally  it  was  returned  to  the  cockpit.  Figure  F-2  is  a 
schematic  of  the  physical  arrangement  of  the  elements  of  this  system.  A 
photograph  of  the  actual  arrangment  during  preparation  is  shown  in 
Figure  F-3. 

The  gas  sampler  apparatus  is  shown  in  Figure  F-4 . Figure  F-5  is 
a schematic  of  the  timing  electronics  used  to  control  20  pairs  of  sole- 
noid valves  in  the  apparatus.  Between  each  pair  of  valves  is  attached  a 
0.05-liter  glass  container  incorporating  a septum  for  withdrawing  trapped 
gas.  The  timing  electronics  can  be  programmed  to  operate  over  intervals 
of  between  1 and  20  seconds  per  channel.  Only  15  of  the  available 
channels  were  used  in  this  test  to  trap  gas  samples  in  the  glass  con- 
tainers at  ambient  tunnel  temperature  (about  65°F  or  18°C) . The  other 
five  channels  were  used  to  trap  gas  for  a separate  analysis  conducted  by 
the  University  of  Utah  Flammability  Research  Center  (UUFRC) . The 
description  of  the  traps  used  on  these  five  channels  and  of  the  ensuing 
analysis  of  the  trapped  gas  is  given  below.  The  15  gas  samples  collected 
in  glass  (Pyrex,  Corning  7740)  containers  were  analyzed  at  ambient  con- 
ditions by  means  of  a gas  chromatograph  at  NWC  (Model  8500,  Carle 
Instruments,  Fullerton,  Calif.).  The  other  five  samples  were  collected 
in  stainless  steel  tubing  containing  trapping  material  developed  by  the 
Flammability  Research  Center.  These  tubes  were  immersed  in  liquid  nitro- 
gen while  the  gas  was  trapped,  and  the  samples  remained  stored  in  liquid 
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nitrogen  until  they  reached  the  Flammability  Research  Center  for  analysis 
by  gas  chromatograph/mass  spectrometer  (GC/MS).  A recent  journal  article 
gives  a good  description  of  the  operation  of  the  GC/MS . 1 7 


FIGURE  F-l.  Schematic  of  Gas  Measurement  System. 


' ^ S.  R.  Heller,  et  al.  “Trice  Organict  by  GC/MS.“  h.nvironmenial  Science  and  Technology,  Vol.  9 (March 
1975).  p.  210. 
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FIGURE  F-4.  Gas  Sampling  Apparatus.  (Neg.  LHL  192252) 
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TO  SOLENOID  RELAYS 


FIGURE  F-5.  Schematic  of  Timing  Electronics  for  Gas  Sampling  Apparatus. 


NWC  GAS  ANALYSIS 

The  results  obtained  from  the  analysis  of  the  15  gas  samples  are 
plotted  in  Figure  F-6.  The  concentrations  of  oxygen,  carbon  dioxide, 
and  carbon  monoxide  are  shown,  along  with  the  concentrations  of  Cl-  and 
CN-  ions  as  indicated  by  the  output  from  the  specific  ion  electrodes. 

Note  that  the  initial  production  of  carbon  dioxide  and  carbon  monoxide 
correspond  with  the  initial  depletion  of  oxygen  at  about  55  seconds.  At 
about  120  seconds  a peculiar  reversal  occurs,  suggesting  that  air  entered 
the  cockpit.  Then  at  150  seconds  the  depletion  of  oxygen  and  the  produc- 
tion of  carbon  dioxide,  carbon  monoxide,  Cl",  and  CN-  resumes.  The  data 
from  the  Flammability  Research  Center  confirm  the  peculiar  reversal  (see 
Table  F-4).  However,  the  cause  of  the  phenomenon  is  open  to  subjective 
interpretation.  Hopefully,  this  reversal  will  eventually  be  explained 
by  the  model  to  be  developed  using  the  data  generated  in  this  report  and 
in  subsequent  planned  experiments. 

That  the  quantitative  values  shown  in  Figure  F-6  are  reasonable  is 
supported  by  data  on  the  carboxyhemoglobin  levels  in  the  rat  and  mouse 
(which  is  discussed  in  Appendix  G) . For  example,  the  maximum  concentra- 
tion of  carbon  monoxide  measured  (at  171  seconds)  was  about  4,400  ppm  for 
a short  period  of  time.  Tables  F-l  and  F-2  suggest  that  the  data  point 
is  reasonable.  Table  F-l  shows  a lethal  concentration  for  rats  as 
60  minutes  for  concentrations  of  4,650  ppm,  and  Table  F-2  shows  that  the 
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507,  CO-Hb  level  Is  reached  In  minutes  In  rats  for  a CO  concentration  of 
5,000  ppm.  Note  that  it  is  reported  under  "Animal  Test  Results"  that 
the  measured  CO-Hb  level  in  the  rat  was  about  497.  Similarly  the  oxygen 
depletion  and  carbon  dioxide  production  shown  in  Figure  F-6  are  consist- 
ent with  the  data  in  Tables  F-2  and  F-3.  Further  analysis  of  these  data 
will  be  presented  at  a later  date.  The  objective  here  is  only  to  present 
the  data  in  the  context  for  use  in  survivability  modeling. 


TABLE  F-l.  Response  of  Animals  to  Various  Concentrations  of  Carbon  Oxides. 


Carbon  oxide 
concentration,  ppm 

Effects 

Carbon  dioxide 

400,000 

Lethal  to  mice  after  4 hours 

Carbon  monoxide 

1,250 

Lethal  to  mice  after  4 hours 

25%  CO-Hb  in  mice  after  5 minutes 

2,100 

25%  CO-Hb  in  rats  after  5 minutes 

4,670 

Lethal  concentration  for  rats  in  60  minutes 

5,000 

Minimum  lethal  dose  for  rats  in  30  minutes 

5,500 

Lethal  concentration  for  rats  in  30  minutes 

6,100 

Lethal  concentration  for  rats  in  20  minutes 

8,800 

Lethal  concentration  for  rats  in  10  minutes 

TABLE  F-2.  Response  of  Humans  to  Various  Concentrations  of  Oxygen. 


Oxygen 

concentration,  % 

Response 

21 

Normal 

17 

Respiration  volume  increased,  muscular  coordination 
diminished,  more  effort  required  for  attention  and 
clear  thinking 

12-15 

Shortness  of  breath,  headache,  dizziness,  quickened 
pulse,  quick  fatigue  upon  exertion,  loss  of  muscular 
coordination  for  skilled  movements 

1 

o 

Faulty  judgment,  rapid  fatigue 

10-12 

Nausea  and  vomiting,  exertion  impossible,  paralysis 
of  motion 

6-8 

Collapse  and  unconsciousness,  but  rapid  treatment 
can  prevent  death 

6-below 

Death  in  6 to  8 minuses 

2-3 

Death  in  45  seconds 
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TABLE  F-3.  Response  of  Humans  to  Various  Concentrations  of  Carbon  Dioxides. 


Concentration,  ppm 

Symptoms 

250  to  350 

Normal  concentration  in  air 

900  to  5,000 

No  effect 

5,000 

TLV  and  MAK  value 

18,000 

Ventilation  increased  by  50% 

25,000 

Ventilation  increased  by  100% 

30,000 

Weakly  narcotic,  decreasing  acuity  of  hearing, 
increase  in  pulse  and  blood  pressure 

40,000 

Ventilation  increased  by  300%,  headache,  weakness 

50,000 

Symptons  of  poisoning  after  30  minutes,  headache, 
dizziness,  sweating 

80,000 

Dizziness,  stupor,  unconsciousness 

90,000 

Distinct  dyspnea,  loss  of  blood  pressure,  congestion 
death  within  4 hours 

100,000 

Headaches  and  dizziness 

120,000 

Immediate  unconsciousness,  death  in  minutes 

200,000 

Narcosis,  immediate  unconsciousness,  death  by 
suffocation 

UNIVERSITY  OF  UTAH  CAS  ANALYSIS 

Dr.  Kent  Vorhees  of  the  UUFRC  collected  gaseous  products  In  five 
stainless  steel  U-tubes  containing  porous  polymer  (proprietary  Item) 
traps  from  the  aircraft  burn.  These  tubes  were  immediately  flown  back 
to  the  FRC  for  gas  chromatograph/mass  spectrograph  analysis.  The  pro- 
cedure and  results  of  the  analysis  are  discussed  In  the  following 
paragraphs . 

The  traps,  cooled  to  -190°C,  were  connected  to  the  interface  block 
shown  In  Figure  F-7.  An  aluminum  block  heated  to  180#C  was  then  placed 
over  the  U-tube,  and  the  products  were  desorbed  onto  a 0.125-inch  (3-mm) 
by  8-ft  (2.4-m)  stainless  steel  (Chromosorb  101)  column,  cooled  to  -20oC 
The  products  were  then  separated  by  programming  the  gas  chromatograph  to 
220°C  at  10°C/min,  then  holding  for  6 min,  and  finally  programing  to 
250°C  at  10*C/min.  Table  F-4  summarizes  the  GC/MS  analysis  of  the  five 
traps . 
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A INTERFACE  HOUSING  VALVES 
6 U-TUBE  TRAP  CONTAINING  ABSORBING  SUPPORT 

C COOLANT  OR  HEAT  SOURCE  FOR  ABSORPTION  OR  DESORPTION  STEP 
O EFFLUENT  TO  ADDITIONAL  STAGES  OF  TRAPPING 

FIGURE  F-7.  University  of  Utah  Apparatus  for  Trapping  Gases. 


The  values  listed  directly  under  the  trap  number  are  the  electronic 
integrator  responses.  These  are  an  indication  of  concentration,  but 
cannot  be  used  as  absolute  concentrations  until  corrected  for  response 
factors.  Such  correction  was  not  incorporated  into  this  study.  However, 
direct  comparison  of  the  absolute  concentration  can  be  made  for  the  same 
individual  species  present  in  all  five  traps. 

The  relative  values  in  Table  F-4  allow  an  assessment  to  be  made  in 
terms  of  the  amount  of  materials  developing  as  a function  of  time.  It 
is  clear  that  only  Trap  5 showed  the  type  of  products  expected  as  a 
consequence  of  combustion.  The  University  of  Utah  analysts  feel  that 
the  concentrations  of  the  materials  in  Trap  5,  plus  new  products,  would 
have  increased  if  the  experiment  had  been  allowed  to  go  on  for  another 
couple  of  minutes.  Indications  are  that  the  collection  of  samples  should 
be  timed  in  future  tests  to  allow  air  at  the  final  cockpit  atmosphere  to 
flow  through  the  sampling  tubes  into  the  trapping  system. 

They  also  checked  for  JP-5  fuel  in  all  traps  and  failed  to  find  any 
of  this  material.  One  can  conclude  that,  either  because  of  the  wind 
during  the  test  or  the  low  volatility  of  JP-5  fuel,  none  of  this  material 
reached  the  area  of  the  sampling  tubes. 

It  should  be  noted  that  the  effects  of  the  filters  and  dehydrator 
(Figure  F-l),  stainless  steel,  and  glass  on  the  removal  of  chemical 
species  were  not  evaluated. 
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TABLE  F-4.  Summary  of  Analysis  of  Gases  Produced  at  China  Lake  Burn  Test. 


Relative  concentrations  (electronic  integrator 
responses)  at  listed  times  and  traps 

Compound 

Time  after  ignition,  sec 

36 

72 

108 

144 

180 

Trap  number3 

1 

2 

3 

4 

5 

Air  + CO 
Methane  (CH4) 

114,003* 

141,024 

140,809 

85,086 

149,957 

Carbon  dioxide  (CO2) 

122 

131 

77 

85 

1,771 

Ethylene  (C2H4) 

• • • 

• • • 

• • • 

1 

66 

Acetylene  (C2H2) 

• • • 

. . . 

. . . 

Tr 

24 

Ethane  (C2Hfc) 

• • • 

• • • 

... 

5 

NIC 

• • • 

25 

... 

... 

NI 

200d 

10d 

7d 

20d 

400^ 

Propene 

• • • 

• • • 

• • • 

• • • 

500d 

Water 

4,444 

30,694 

3,361 

3,234 

14,169 

NI 

• • • 

... 

5 

NI 

• • • 

• • • 

• • • 

• • • 

5 

Acetaldehyde  (C2H4O) 

Tr6 

Tr 

13 

• • • 

22 

Acetone  (C3H6O) 

• • • 

... 

9 

8 

Tr 

Benzene 

• • • 

Tr 

73 

NI 

• • • 

... 

2 

Tr 

4 

NI 

• • • 

• • • 

. , . 

• • • 

7 

Toluene 

5 

6 

8 

14 

33 

Xylene 

Xylene  + styrene  + 

. . . 

Tr 

. . . 

Tr 

Tr 

phenyl  acetylene 

• • • 

Tr 

. . . 

Tr 

Tr 

Traps  were  located  at  valves  1,  5,  10,  15,  and  20  of  the  apparatus 
shown  in  Figure  F-4. 

h This  value  Is  the  electronic  Integrator  response. 

NI  means  not  identified. 
d Estimated  by  triangulation. 

e Trace,  meaning  signal  was  observed,  but  was  too  small  to  activate 
electronic  integrator. 
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ANIMAL  BEHAVIOR  EXPERIMENT 


1 


NWC  TP  5812 


Appendix  G 

ANIMAL  BEHAVIOR  EXPERIMENT 

The  basic  intent  of  the  animal  experiments  was  to  use  rats  and  mice 
as  test  subjects  for  evaluating  the  physiological  effects  produced  by 
fire,  heat,  and  toxic  gases.  Then,  by  using  established  correlations 
between  human  responses  and  animal  responses  to  these  various  stresses, 
an  estimate  could  be  derived  of  what  effects  the  fire  would  have  had  on 
a pilot  in  the  cockpit.  To  obtain  statistically  significant  data  a 
large  number  of  animals  must  be  utilized.  Such  data  were  not  obtained 
in  this  study  and  should  be  seriously  considered  in  future  tests. 

EXPERIMENTAL  SETUP 

Personnel  from  the  UUFRC  furnished  the  rats  used  in  this  test  and 
prepared  them  for  the  experiment. 

Two  rats  had  electrodes  implanted  in  the  head  and  chest  so  that 
electroencephalograph ic  (EEG)  and  electrocardiographic  (EKG)  data  could 
be  recorded  during  the  fire  test.  The  method  of  implanting  the  elec- 
trodes in  the  skull  is  described  in  an  FRC  report.13  Both  rats  were 
placed  in  restraining  slings.  One  was  put  in  the  cockpit  inside  a 
pilot's  helmet  atop  the  manikin.  EEG  and  EKG  leads  ran  from  the  rat  to 
the  telemetry  unit  in  the  lower  part  of  the  manikin.  From  there  the  data 
were  transmitted  to  the  telemetry  receiving  van.  Figure  G-l  shows  the 
cockpit  rat  in  place  in  the  helmet  before  it  was  placed  in  the  cockpit. 
Behind  the  helmet  is  shown  the  telemetry  transmitter  that  was  later 
installed  in  the  manikin.  Figure  G-2  shows  the  rat  positioned  in  the 
cockpit.  Note  the  metal  tube  about  an  inch  (25  mm)  in  front  of  the  nose 
of  the  rat.  The  input  of  cockpit  gas  for  the  gas  sampling  system 
described  in  Appendix  F was  at  this  location. 

The  other  rat  was  placed  in  a glass  container  in  the  instrumentation 
bunker  to  serve  as  a control.  Leads  from  this  rat  ran  to  recording 
instruments  in  the  bunker.  This  system  failed  during  the  test,  so  no 
EF.C  and  EKG  records  were  produced  for  the  control  rat . Figure  G-3  shows 
the  control  rat  ready  to  be  placed  in  its  container  for  the  test.  Both 
rats  were  also  equipped  with  impedance  pneumograph  instrumentation  to 
record  their  breathing  rates,  but  these  systems  also  malfunctioned  and, 
therefore,  breathing  rates  were  not  recorded.  The  control  rat  was  trained 
before  the  test  to  perform  an  electric  shock  avoidance  leg  flexion  to 
provide  a test  of  physiological  functioning  after  the  fire  test.  After 
the  test,  blood  samples  were  taken  from  both  rats  to  measure  the  carboxy- 
hemoglobin  level  of  the  blood  as  an  indication  of  the  amount  of  toxic 
gases  absorbed  in  the  bloodstream. 

1 3 University  of  Utah,  F lammability  Research  Center.  The  Physiological  arut  Toxicological  Aspects  of  Smoke 
Produced  During  the  Combustion  of  Polymeric  Materials,  by  I.  N.  f -'inborn.  Salt  Lake  City.  Utah,  UUFRC.  July  1974. 
(Report  I RC-UU-38.  p 81,  publication  UNCLASSIFIED  I 
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FIGURE  G-3.  Control  Rat  Ready  To  Be  Put  Into  Place  for 
Test.  (Neg.  LHL  187318) 

A less  complex  animal  experiment  Involved  the  use  of  mice  on  a 
treadmill.  The  purpose  of  this  experiment  was  to  detect  toxic  effects 
by  means  of  the  time  of  useful  function  model  developed  in  two  articles 
published  in  Aerospace  Medicine. 1 4 * 1 5 Basically  this  method  involves 
measuring  the  time  a mouse  can  adequately  function  on  a treadmill.  The 
only  data  obtained  is  from  a 16-mm  movie  camera  with  a telephoto  lens 
monitoring  the  activity  of  the  mouse  while  it  is  being  exposed  to 
potentially  toxic  gases.  Two  ferris  wheel  treadmills  were  constructed 
of  glass  (Pyrex,  Corning  7740)  as  shown  in  Figure  G-4.  Glass  was  chosen, 
because  it  is  chemically  inert  and  optically  clear.  One  treadmill  was 
placed  in  front  of  the  manikin  camera  in  the  cockpit  in  the  starboard 
forward  windshield  above  the  eye  shield  (Figure  G-5) . The  second  tread- 
mill was  placed  in  the  instrumentation  bunker  below  the  aircraft,  where 
it  was  similarly  monitored  by  a 16-mm  camera  with  a telephoto  lens. 

The  environmental  difference  between  the  cockpit  and  control  mice 
was  that  the  mouse  in  the  cockpit  was  exposed  to  heat,  toxic  gas,  and 
other  effects  of  fire,  whereas  the  mouse  on  the  treadmill  in  the  bunker 
was  housed  so  that  it  could  breathe  only  potentially  toxic  cockpit  air 
that  had  been  cooled  to  ambient  temperature.  (Note  it  is  possible  that 
the  air  loses  some  of  its  toxic  components  upon  cooling.)  A third  mouse 

I*  J.  G.  Gourme  and  P.  Bartek.  'Theoretical  Determination  of  the  Time  of  Useful  Function  (TUF)  on 
Fxposure  to  Combustions  of  Toxic  Gases.”  Ae’oepcce  Med. , Vol.  40,  No.  12  (December  1969). 

p.  Bartek,  I.  C.  Gourme.  and  H.  J.  Rostaml.  “Dynamic  Analysis  for  Time  of  Useful  Function  (TUF) 
Predictions  in  Toxic  Combustive  Environments,”  Aerospace  Med.,  Vol.  41,  No.  13  (December  1970),  pp.  1392-1395. 
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was  put  into  the  glass  container  below  the  treadmill  in  the  bunker. 

This  mouse  was  not  active  during  the  test,  because  of  its  confined 
quarters,  but  it  did  breathe  the  same  air.  Figure  G-6  shows  the  rat  and 
mice  in  place  in  the  instrumentation  bunker  just  before  the  test.  Above 
them  is  a cage  containing  two  canaries  for  indicating  air  purity  after 
the  test. 


FIGURE  G-5.  Mouse  on  Treadmill  in  Place  for  Test  in  Cockpit. 
(Neg.  LHL  187368) 
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FIGURE  G-6.  View  of  Instrumentation 
Bunker  Just  Before  Test,  Showing  Rat,  Mice, 
and  Canaries.  (Neg.  LHL  187321) 

EXPECTED  PHYSIOLOGICAL  EFFECTS 

Rats  and  mice  were  used  in  this  test  to  give  an  indication  of  the 
physiological  effects  that  would  be  experienced  in  the  cockpit  during 
the  fire.  Studies  at  the  UUFRC  have  indicated  that  rats  cannot  survive 
as  much  thermal  shock  as  humans  can.13  A body  temperature  of  42°C  for 
extremely  short  durations  has  been  established  as  the  maximum  that  can 
be  tolerated  by  Sprague-Dawley  rats,  one  of  the  standard  laboratory 
varieties . 

Several  tables  from  the  previously  mentioned  FRC  report  are  pre- 
sented to  show  the  effects  of  various  gases  on  humans  and  the  relation 
between  human  and  rat  response.13  Table  F-2  shows  how  human  performance 
is  degraded  as  the  oxygen  in  the  air  decreases.  Death  will  occur  within 
a few  minutes  if  oxygen  is  completely  withdrawn  from  a confined  volume. 
It  may  be  seen  from  this  table  that  pilot  survival  requires  an  oxygen 
content  within  the  cockpit  of  greater  than  6%. 
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Carbon  monoxide  (CO)  has  been  thought  to  produce  the  most  deaths  in 
fires  of  this  kind.  The  main  action  of  CO  after  it  is  inhaled  is  to 
combine  reversibly  with  hemoglobin  (Hb)  in  the  blood  to  form  carhoxyhemo- 
globin  (CO-Hb).  Table  G-l  indicates  the  changing  human  reactions  as 
CO-Hb  builds  up  in  the  blood.  It  would  appear  that,  for  a pilot  to 
remain  functional,  the  CO-Hb  should  not  be  allowed  to  reach  50%. 


TABLE  G-l.  Human  Reactions  at  Various  Concentrations  of  Carboxyhemoglobin. 


CO-Hb 

concentration, 

% 

React  ions 

0 

to 

10 

No  signs  or  symptoms 

10 

to 

20 

Tightness  across  forehead,  possible  slight  head- 
ache, dilation  of  the  cutaneous  blood  vesseLs 

20 

to 

30 

Headache  and  throbbing  in  the  temples 

30 

to 

40 

Severe  headache,  weakness,  dizziness,  dimness  of 
vision,  nausea,  vomiting,  and  collapse 

40 

to 

50 

Same  as  above,  greater  possibility  of  collapse; 
syncope  and  increased  pulse  and  respiratory  rates 

50 

to 

60 

Syncope,  increased  respiratory  and  pulse  rates, 
coma,  intermittent  convulsions,  and  Cheyne-Stokes 
respiration 

60 

to 

70 

Coma,  intermittent  convulsions,  depressed  heart 
action  and  respiratory  rate,  and  possible  death 

70 

to 

o 

oo 

Weak  pulse,  slow  respiration  leading  to  death 
within  hours 

80 

to 

90 

Death  in  less  than  an  hour 

90 

Death  within  a few  minutes 

The  relationship  between  CO-Hb  concentrations  in  man  and  rat  is 
given  in  Table  G-2.  Hats  inhale  a larger  volume  of  air  per  unit  time  in 
proportion  to  their  body  weight,  hence  their  blood  can  become  more 
rapidly  saturated  with  CO.  From  this  table  it  would  appear  that  CO 
concentrations  in  the  cockpit  should  not  exceed  5,000  ppm  during  the  test. 
Figure  F-6  (p.  77)  shows  that  about  4,400  ppm  concentrations  were  being 
approached  at  170  seconds  into  the  test.  Some  physical  impairment  could 
be  expected  after  160  seconds. 
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TABLE  G-2.  Differences  in  CO-Hb  Concentration  in  Blood  for  Rats 
and  Men  at  Same  CO  Concentrations. 


CO 

concentration, 

ppm 

Time  to  reach  given  CO-Hb 
concentrations  in  rats 

Time  to  reach  given  CO-Hb 
concentrations  in  man 

20% 

50% 

20% 

50% 

10,000 

in  minutes 

in  minutes 

in  minutes 

in  minutes 

5,000 

in  minutes 

in  minutes 

in  minutes 

in  minutes 

2,000 

in  minutes 

15  minutes 

20  minutes 

60  minutes 

1,000 

15  minutes 

240  minutes 

60  minutes 

300  minutes 

500 

30  minutes 

. . . 

90  minutes 

• • . 

250 

90  minutes 

i 

360  minutes 

. . . 

Hydrogen  cyanide  (HCN)  is  produced  from  nitrogen-containing  organic 
compounds  during  pyrolysis  or  combustion.  Table  0-3  shows  the  relation- 
ship between  HCN  concentrations  in  air  to  human  reactions.  Concentra- 
tions above  180  ppm  are  considered  unacceptable  in  the  cockpit  during 
the  test.  Figure  F-6  shows  only  a negligible  amount  (<  1 ppm)  produced 
during  the  test. 


TABLE  G-3.  Relation  of  Hydrogen  Cyanide  Concentrations 
to  Symptoms  of  Humans. 


HCN 

concentration, 

ppm 

Symptoms 

0. 2-5.0 

Threshold  of  odor 

18-36 

Slight  symptoms  (headache)  after 
several  hours 

45-54 

Tolerated  for  1/2  to  1 hour 
without  difficulty 

100 

Fatal  in  1 hour 

110-135 

Fatal  1/2  to  1 hour 

181 

Fatal  after  10  minutes 

280 

Immediately  fatal 
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The  only  other  toxic  gas  of  nominal  concentration  in  this  test  was 
hydrogen  chloride  (HC1).  This  gas  can  be  produced  by  thermal  degradation 
of  polyvinyl  chloride.  If  HC1  Is  Inhaled,  the  upper  respiratory  tract 
will  be  severely  damaged  and  that  damage  could  lead  to  asphyxiation  and 
death  (Table  G-4).  From  this  table  it  would  appear  that  the  HC1  concen- 
tration in  the  cockpit  should  not  exceed  1,000  ppm  over  long  periods  of 
time.  Note  that  this  level  of  concentration  was  being  approached  at 
170  seconds  (Figure  F-6) . 


TABLE  G-4.  Inhalation  Effects  of  Hydrogen  Chloride  on  Humans. 


Hydrogen  chloride 
concentration  in 
air,  ppm 

Symptoms 

1-5 

Limit  of  odor 

5-10 

Mild  irritation  of  mucous 

membranes 

35 

Irritation  of  throat  on  short 

exposure 

50-100 

Barely  tolerable 

1,000 

Danger  of  lung  edema  after 

short  exposure 

Based  on  the  above  measurements,  together  with  observation  of  the 
recovered  animals,  it  would  appear  in  the  context  of  baseline  data 
acquisition  that  toxicity  is  not  as  critical  as  fire  penetration.  It  is 
emphasized  that  this  tentative  observation  is  not  based  on  statistically 
significant  data.  Should  a new  canopy  be  developed  that  could  withstand 
fire  for  5 minutes,  it  is  possible  that  toxicity  would  then  become 
critical . 


USE  OF  EEG  AND  EKG 

Electroencephalography  constitutes  a powerful  method  for  observing 
brain  function.  Electric  potentials  measured  on  the  skull  of  the  rat 
are  generally  assumed  to  originate  from  the  cortex  of  the  brain.  What- 
ever the  exact  origin  of  the  EEG,  it  is  reasonable  to  assume  that  it 
relates  in  some  way  to  the  function  of  individual  neurons. 1 6 The  EEG 
is  a graphic  plot  of  voltage  as  a function  of  time.  EEG  voltages  are  in 


16  W.  R.  Klemm.  Animal  Hlectroenctphalography.  New  York.  Academic  Press,  1969.  Chap.  I,  2. 
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the  microvolt  range,  usually  about  5-75  pV  In  scalp  records  of  animals. 
These  voltages  have  both  positive  and  negative  polarities.  EEC.  wave 
durations  often  range  from  less  than  1/second  to  more  than  100/second, 
depending  on  the  recording  apparatus  and  physiological  conditions. 

Interpretation  of  EEG  waves  is  not  an  easy  task  because  of  their 
nondeterministic  (random)  nature.  When  Fourier  techniques  are  used  to 
analyze  EEG  waves,  it  is  found  that  apparent  EEG  signals  are  composed  of 
numerous  signals  of  different  frequencies  and  amplitudes.  In  general, 
the  interpreter  is  confronted  with  the  question  of  whether  a signal  is 
an  inherent  modulation  of  one  frequency  or  whether  several  frequencies 
are  compounded.16  Visual  inspection,  or  even  mathematical  analysis, 
does  not  resolve  the  question. 

EEG  voltages  were  recorded  from  the  connector  attached  to  the  skull 
of  rats,  as  shown  in  Figures  G-l  and  G-2.  Figure  G-l  shows  a rat 
suspended  within  a pilot's  helmet.  The  stack  of  printed  circuit  boards 
is  the  telemetry  unit.  Note  the  connector  and  lead  wires  on  the  head. 
Figure  G-3  shows  a second  rat  suspended  in  a sling.  This  rat  was 
located  in  the  instrumentation  bunker  beneath  the  A-4  during  the  burn 
test.  Again  note  the  connector  and  lead  wires  attached  to  its  skull. 

Figure  G-7  shows  a typical  EEG  response  for  an  animal  In  a relaxed 
state.  For  a given  animal,  EEG  voltages  and  frequencies  are  very  consis- 
tent under  consistent  environmental  conditions.  To  use  the  physiologists' 
terms,  EEG  signals  can  be  generally  characterized  for  higher  animals  as 
LVFA  (during  alertness)  and  HVSA  (during  relaxation  or  drowsiness). 

When  an  animal  that  is  relaxed  is  presented  with  a novel  or  biologically 
significant  stimulus,  the  cortical  EEG  changes  from  HVSA  to  LVSA.  Such 
a response  is  often  called  an  "arousal  response."  In  the  fully  alert 
state  the  EEG  amplitude  is  at  a minimum.  No  dominant  rhythms  are  present; 
rather,  a wide  spectrum  of  frequencies  exists,  usually  in  the  range  of 
about  15  to  30/second.  Rats  normally  breathe  at  a rate  of  about 
33  breaths/second.17  (The  breathing  rate  of  the  cockpit  rat  in  this  te*st‘, 
as  is  shown  in  Figure  G-9,  p.  98,  was  in  the  range  of  35-40  breaths/ 
second.  In  the  relaxed  or  resting  state,  the  amplitude  of  the  EEG 
increases  and  high-amplitude  spindles  in  the  forms  of  bursts  of  5 to 
8/second  begin  to  occur.  The  characteristic  HVSA  pattern  becomes  pre- 
dominant during  drowsiness,  consisting  of  slow  waves  of  1 to  3 waves/ 
second  and  higher  amplitudes.  The  HVSA  pattern  also  includes  spindles 
(high-voltage  bursts  of  four  or  more  waves  with  a frequency  of  6 to 
12  waves /second) . For  animals  in  hammocklike  slings,  spindle  incidence 
varies  with  the  state  of  arousal. 


1 7 H.  Hirichhorn.  All  About  Rais.  Neptune,  N.J.,  T.F  .H.  Publication.  1974.  P.4. 
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FIGURE  G-7.  Typical  Flammability  Research  Center  Record  of  EKG  and  EEC  for  Animal  in 
Relaxed  State. 

Along  with  the  EEC.  response,  an  EKG  response  was  recorded  for  the 
cockpit  rat.  TVro  electrodes  were  implanted  into  the  chest  of  each  of 
the  test  rats;  however,  because  of  an  instrumentation  failure,  no  record 
of  the  body  responses  was  recorded  for  the  control  rat  in  the  instrumen- 
tation bunker.  The  above  comments  on  the  interpretation  of  the  EEG 
generally  apply  also  to  the  EKG. 


ANIMAL  TEST  RESULTS 

The  results  of  the  animal  behavior  experiments  were  derived  from: 
inspection  of  the  test  animals  after  the  test;  blood  samples  taken  from 
both  rats  after  the  test;  movie  coverage  of  both  the  cockpit  mouse  and 
the  control  mouse  on  treadmills  during  the  fire  (there  was  also  some 
footage  of  an  overall  shot  of  the  instrumentation  bunker,  including  the 
control  rat,  during  the  fire,  but  it  added  little  information  that  was 
not  available  otherwise);  an  avoidance  response  test  of  the  control  rat 
after  the  fire  test;  and  observation  of  the  control  mice  in  the  ensuing 
weeks  after  the  fire. 

Rats 

Iimnediately  after  the  fire  was  extinguished,  the  cockpit  rat  was 
examined  by  Dr.  Steve  Packham  of  the  UUFRC.  He  found  the  rat  to  be  alive, 
but  with  third-degree  burns  over  the  head,  shoulders,  forelimbs,  and  on 
the  sides  of  hind  limbs  (see  Figure  G~8) . Wires  leading  from  the 
physiological  monitoring  electrodes  were  burned  free  of  insulation,  and 
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the  externally  exposed  parts  of  the  cannula  on  the  rat  were  missing.  A 
pinkish  colored  fluid  was  exuding  from  the  nose,  and  the  mouth  and 
tongue  were  swollen  shut  and  were  dry. 

The  animal  was  immediately  anesthetized  with  nembutal,  and  a heart 
puncture  technique  was  used  to  secure  a blood  sample.  This  sample,  taken 
30  minutes  after  the  end  of  the  test,  showed  a 49%  level  of  CO-Hb  in  the 
blood. 

The  EEG  and  EKG  recorded  from  the  cockpit  rat  are  given  in 
Figure  G-9 . These  data  cover  the  entire  test  time  of  243  seconds.  Data 
at  t = -10  seconds  were  similar  to  those  at  t = +10  seconds.  In  the 
opinion  of  FRC  personnel  who  examined  them,  these  records  are  not  of 
physiological  origin.  That  opinion  was  based  on  the  fact  that  frequency 
of  the  EKG  signal  is  about  36  waves/second  instead  of  8.  The  EEG  record 
was  rejected  by  them  on  the  same  basis.  According  to  the  FRC  personnel, 
any  correlations  of  EKG  and  EEG  records  with  those  of  other  transducers 
was  probably  due  to  the  thermal  destruction  of  wire,  leads,  etc.  That 
opinion  is  not  shared  by  the  author.  However,  it  is  prudent  to  warn 
other  investigators  of  the  conflicting  opinions  and  to  caution  them  to 
use  the  data  in  proper  context. 

Other  data  show  that  initial  significant  heating  did  not  occur  until 
from  192  to  203  seconds  (see  Table  1,  p.  10).  Hence,  the  thermal 
destruction  of  wires,  leads,  etc.,  could  not  have  occurred  before 
192  seconds.  Furthermore , the  amplifier  card  for  the  rat  was  located 
inside  the  helmet  and  the  electrical  circuit  was  temperature-compensated. 


FIGURE  G-8.  Cockpit  Rat  After  Fire.  (Neg.  LHL 
187326) 
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The  significant  EEC  events  occurred  at  about  41  seconds,  when  both 
amplitude  and  spindle  Incidence  decreased.  At  about  93  seconds,  the 
signal  amplitude  and  spindle  Incidence  increased.  At  about  133  seconds, 
apparent  activity  of  the  kind  that  follows  a sudden  attack  or  seizure 
was  indicated  by  low  voltage  amplitude.  At  about  150  seconds,  animal 
revival  was  indicated.  At  about  161  seconds,  animal  hyperexcitability 
ended  with  the  signal  moving  off  scale.  At  about  238  seconds,  EEG 
activity  returned,  suggesting  that  the  animal  was  still  alive. 

Comments  regarding  the  EKG  records  shown  in  Figure  G-9  are  similar 
to  those  given  above  for  the  EEG.  At  about  34  seconds,  the  EKG  amplitude 
decreased  and  the  frequency  increased.  At  51  seconds,  the  EKG  amplitude 
increased.  The  reference  level  initiated  a shift  (perhaps  due  to  animal 
movement).  At  69  seconds,  the  EKG  amplitude  stabilized  and  its  frequency 
increased.  At  about  93  seconds,  the  EKG  reference  increased  dramatically 
(perhaps  due  to  animal  movement).  At  about  97  seconds,  the  EKG  reference 
voltage  peaked  and  started  to  decrease  (perhaps  due  to  the  animal  slow- 
ing down  its  movement).  At  about  120  seconds,  the  EKG  reference  voltage 
stabilized.  At  about  128  seconds,  the  reference  voltage  increased  again. 
At  about  133  seconds,  the  EKG  recorded  a low  voltage  amplitude.  Animal 
revival  occurred  at  about  153  seconds.  From  there  on,  the  EKG  is  mostly 
off  scale  until  the  end  of  the  test.  However,  at  about  238  seconds  the 
EKG  returned  to  reference  level  to  suggest  that  the  animal  was  still 
alive . 

It  must  be  pointed  out  that  the  "apparent"  EKG  and  EEG  response  in 
Figure  G-9  is  subjective.  There  is  always  the  possibility  of  error  due 
to  the  voltage  amplification  conditioning  electronics,  etc.  It  is 
possible  that  wires  were  connected  incorrectly.  On  the  other  hand,  the 
"apparent"  response  of  the  two  independent  signals  corresponds  very 
favorably  with  the  events  occurring  within  the  cockpit  as  indicated  by 
all  the  other  transducers. 

The  control  rat  in  the  instrumentation  bunker  was  observed  to  be 
still  alive  and  functioning  when  personnel  entered  the  bunker  after  the 
test.  At  5 minutes  after  completion  of  the  burn  test,  this  animal  was 
administered  the  electric  shock  flexion  response  test  and  was  observed 
to  perform  the  avoidance  response  without  difficulty.  From  all  gross 
observations  of  the  animal,  it  appeared  normal. 

At  15  minutes  after  the  completion  of  the  fire  test,  a heart  punc- 
ture technique  was  used  to  take  two  blood  samples  from  the  control  rat. 
One  of  these  samples  indicated  a 50%  CO-Hb  level  in  the  blood  and  the 
other  indicated  36%.  A mean  of  these  two  values,  43%,  is  the  best  esti- 
mate of  the  actual  CO-Hb  level.  Note  that  a CO-Hb  level  of  over  65%  is 
considered  to  be  nearly  always  lethal,  because  of  depression  of  respira- 
tion and  the  circulation. 
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Mice 


The  activity  of  the  cockpit  mouse  was  recorded  on  movie  film  until 
it  could  no  longer  be  observed  at  71  seconds.1  (See  Figure  1(c),  p.  8.) 
By  the  time  the  firefighters  reached  the  cockpit  after  the  fire,  the 
mouse  had  died  in  the  fire. 

The  two  mice  in  the  instrumentation  bunker  survived  the  test  with 
no  apparent  toxic  effects.  One  of  the  two,  a male,  was  subsequently 
mated.  Both  mice  continued  to  live  normally  during  the  next  6 months  of 
observation.  Movie  footage  of  the  mouse  on  the  treadmill  in  the  bunker 
showed  that  the  animal  functioned  normally  while  breathing  the  air  from 
the  cockpit.1 
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FIGURE  G-9.  EKG  and  EEG  of  Cockpit  Rat. 
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Appendix  H 

SMOKE  TRANSDUCER  CONSTRUCTION  AND  MEASUREMENTS 
SMOKE  MEASUREMENT 

One  of  the  variables  measured  during  the  test  was  the  production 
of  smoke  In  the  cockpit.  Smoke  produced  In  the  cockpit  of  a burning 
aircraft  has  a significant  effect  on  how  long  a pilot  can  function 
properly 1 3 * 1 "* ’ 1 5 and  Is  certainly  a problem  with  respect  to  surviv- 
ability . 1 3 ’ 1 8* 1 9 Also  it  Is  useful  to  learn  how  the  measured  levels  of 
smoke  density  correlate  with  other  phenomena  measured  during  a fire. 

Smoke-measuring  apparatus  and  techniques  previously  used  were  based 
on  a photometric  record  of  changes  in  light  attenuation  caused  by 
smoke.1*’20  A problem  exists  in  correlating  such  measurements  with 
degradation  of  human  vision  and  with  identification  of  smoke-producing 
materials.  To  overcome  this  difficulty  a transducer,  which  is  described 
later,  was  developed.  It  can  be  calibrated  in  a standard  smoke  test 
chamber  and  then  used  to  measure  the  light  attenuation  of  smoke  in  burn 
tests  outside  the  laboratory.  The  calibration  permits  field  measure- 
ments to  be  correlated  empirically  with  such  factors  as  human  vision 
and  the  kind  of  material  producing  the  smoke,  factors  that  several 
studies  have  shown  can  be  measured  in  a standard  smoke  chamber . 1 9 ’ 2 1 ‘s 


I®  J.  J Brenneman  and  D.  A.  Heine.  “The  Cleveland  Aircraft  Fire  Tests,"  Fire  Technology.  Vol.  4,  No.  I 
(February  1968),  pp.  5-16. 

D.  A.  Kourtides,  J.  A.  Parker,  and  W.  I.  Gilwee.  "Thermochemical  Characterization  of  Aircraft  Panel 
Materials,"  J.  Fire  and  Flammability.  Vol.  6 (July  1975),  pp.  373-91. 

2°  Air  Force  Aero  Propulsion  Laboratory.  A Smoke  Detection  System  for  Manned  Spacecraft  Applications,  by 
T.  M.  Trumble.  Wnght-Patterson  Air  Force  Base,  Ohio,  AFAPL,  June  1975.  (Technical  Report  Al'APL-TR-74-97, 
publication  UNCLASSIFIED.) 

2*  Federal  Aviation  Administration.  Smoke  Emissions  from  Burning  Cabin  Materials  and  the  Effect  on  Visibility 
in  Wide  Bodied  Jet  Transports,  by  F..  L.  Lopez  Washington,  D.C.,  FAA,  March  1974.  IReport  FAA-NA-73-155, 
publication  UNCLASSIFIED.) 

22  American  Society  for  Testing  Materials.  Method  for  Measuring  Smoke  from  Burning  Materials,  by  D.  Gross.  J. 
J.  Loft  us,  and  A.  F.  Robertson.  Philadelphia,  Pa.,  ASTM,  1967.  (ASTM  STP  422,  pp.  166  204,  publication 
UNCLASSIFIED.) 

22  National  Bureau  of  Standards.  Smoke  and  Oases  Produced  by  Burning  Aircraft  Interior  Materials,  by  D. 
Gross,  et  al.  Washington,  D.C.,  NBS.  (Report  No.  NA-68-36.  publication  UNCLASSIFIED.) 

24  National  Bureau  of  Standards.  Interlaboratory  Evaluation  of  Smoke  Density  Chamber,  by  T.  G.  Lee. 
Washington,  D.C.,  NBS,  December  1971.  (NBS  Technical  Note  708,  p.  80,  publication  UNCLASSIFIED.) 

2*  A.  F.  Robertson.  "Two  Smoke  Test  Methods- A Comparison  of  Data.”  Fire  Technology  (November  1974), 

pp.  282  86. 
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Standard  Smoke  Chamber 


Because  the  characterization  of  smoke  is  very  complex,  no  universal 
measurement  standard  exists. 20,26  For  some  years  a type  of  smoke  test 
chamber  developed  at  the  National  Bureau  of  Standards  (NBS)  has  served  as 
the  standard  for  measuring  the  smoke  characteristics  of  smoke-producing 
materials.22*27  The  NBS  chamber  uses  a photometric  sensor  to  measure  the 
decrease  in  light  transmission  of  a collimated  vertical  beam  resulting 
from  smoke;  the  smoke  is  generated  by  exposing  a sample  of  a given 
material  to  a controlled  radiant  heating  source.  Smoke  emission  data  on 
a wide  variety  of  materials  has  been  accumulated  over  the  years. 2 3,28 
An  inter laboratory  study  has  shown  that  reproducible  test  results  can  be 
attained  for  many  of  these  materials  by  using  this  test  chamber.24*25 


Specific  Optical  Density 

Data  measured  in  an  NBS  type  chamber  are  expressed  in  terms  of  the 
"specific  optical  density,"  defined  as 
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where 


V * chamber  volume 

A » exposed  surface  area  of  test  sample 
L - length  of  optical  path 
T - percent  light  transmission 
D - optical  density 


(H-l) 


The  specific  optical  density  is  a dimensionless  light  attenuation  coeffi- 
cient. It  should  vary  for  a given  specimen  and  a given  exposure  time  as 
a function  of  the  thickness  of  the  material  (which  affects  the  subsurface 
evolution  of  the  combustion  products),  the  chemical  and  physical  proper- 
ties of  the  material  (which  determine  the  amount  and  nature  of  smoke 
aerosols  produced),  and  specimen  exposure  conditions  (whether  it  is 
flaming  or  smoldering). 


26  C.  L.  Tien,  et  al  “Attenuation  of  Visible  Radiation  by  Carbon  Smoke,”  Combustion  Science  and  Technology, 
Vol.  6 (1972),  pp.  55-59. 

27  National  Bureau  of  Standards.  The  Smoke  Density  Chamber  Method  for  Evaluating  the  Potential  Smoke 
Generation  of  Build  big  Materials,  by  T.  G.  Lee.  Wellington,  D.C.,  NBS,  January  1973.  (NBS  Technical  Note  757, 
publication  UNCLASSIFIED.) 

28  C.  J.  Hilado.  Flammability  Handbook  for  Plastics.  Westport,  Conn.,  Technomic  Publishing  Company,  1974. 
Pp.  60-64. 
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For  the  NBS  smoke  chamber  the  specific  optical  density  is  given  as 

Ds  = 132  log  (100/T)  (H-2) 

NBS  smoke  chamber  data  are  usually  reported  in  terms  of  the  maximum 
value  of  Ds  measured,  the  maximum  rate  of  smoke  accumulation  over  a 
2-min  period,  and  the  time  required  for  Ds  to  reach  a value  of  16 
(T  = 75%). 

The  validity  of  using  the  specific  optical  density  concept  for 
comparing  the  smoke  emission  properties  of  various  materials  depends  on 
the  following  assumptions:23  (1)  the  generated  smoke  is  uniformly  dis- 
tributed; (2)  the  smoke  generated  is  independent  of  the  amount  of  excess 
air  available  and  of  any  specimen  edge  effects;  (3)  coagulation  and 
deposition  of  smoke  is  similar  and  independent  of  test  sample  size  or 
the  size  and  shape  of  the  chamber;  (4)  optical  density,  D,  is  linearly 
related  to  smoke  concentration;  (5)  human  and  photometric  vision  through 
light-scattering  smoke  aerosols,  expressed  in  terms  of  optical  density, 
are  similar;  and  (6)  smoke  production  is  independent  of  material  orien- 
tation. Within  the  limts  of  these  assumptions  the  measured  value  of  Ds 
for  a given  material  can  give  a fairly  reliable  prediction  of  its  smoke 
emission  and,  with  other  empirical  data,  of  human  vision. 

Development  of  Transducer 

Although  the  accumulation  of  data  from  the  NBS  type  smoke  chambers 
is  valuable,  its  use  is  generally  limited  to  applications  where  other 
data  from  the  same  type  of  chamber  are  compared  to  it.  A few  studies 
have  shown  some  validity  for  limited  scaling  of  NBS  smoke  chamber  data 
to  apply  to  larger  test  chambers . 1 8 » 2 1 » 2 3 The  goal  in  the  present  appli- 
cation is  to  relate  such  test  chamber  data  to  that  obtained  within  the 
cockpit  of  an  aircraft  being  subjected  to  a burn  test.  This  goal  can  be 
achieved  by  designing  a transducer  based  on  the  principles  of  the 
standard  smoke  chamber. 

It  was  postulated  that,  if  a transducer  were  developed  that  could 
be  calibrated  in  an  NBS  smoke  chamber  and  then  installed  in  the  cockpit 
of  an  aircraft  to  be  subjected  to  a burn  test,  then  data  could  be 
gathered  on  the  smoke  production  in  the  cockpit  and  these  data  could  be 
correlated  with  laboratory  data  gathered  from  an  NBS  smoke  chamber. 

This  premise  led  to  the  development  of  a smoke-measuring  transducer 
for  use  in  field  burn  tests  such  as  the  present  one.  The  design  require- 
ments for  this  transducer  were  that  a means  must  be  provided  to  monitor 
light  attenuation  between  two  fixed  points  in  a light-shielded  enclosure, 
and  the  enclosure  must  permit  smoke  to  pass  through  it  freely.  Moreover, 
the  enclosure  must  be  large  enough  to  sample  representative  aircraft 
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smoke  densities,  yet  small  enough  not  to  adversely  affect  smoke  genera- 
tion within  the  cockpit.  The  transducer  must  reject  extraneous  light 
and  must  not  contribute  to  smoke  production.  Another  important  practical 
consideration  is  that  the  transducer  be  either  expendable  or  readily 
repairable . 

Construction  of  Transducer 

A photograph  of  a transducer  that  was  developed  to  meet  the  above 
requirements  is  shown  in  Figure  H-l.  Below  the  transducer  is  a plunger 
containing  a neutral  density  filter  that  can  be  put  into  the  transducer 
tube  for  electronic  calibration.  Figure  H-2  is  a diagram  showing  details 
of  the  transducer's  construction.  Its  housing  consists  of  a brass  tube 
10  inches  (25.4  cm)  long  and  with  an  inside  diameter  of  1.625  inches 
(4.1  cm).  Around  the  tube  at  its  midsection  is  a brass  cylindrical 
enclosure  4.5  inches  (11.4  cm)  in  diameter  and  1.25  inches  (3.2  cm)  long. 
A light  emitter  and  a receiver  are  inserted  into  diametrically  opposite 
holes  in  the  wall  of  the  tube  at  its  midpoint  to  form  a 1.625-inch 
(4.1-cm)  light  path  as  shown  in  Figure  H-2.  The  inner  surface  of  the 
tube  is  serrated  to  reflect  external  light  entering  the  tube.  The  ratio 
of  the  length  of  the  tube  to  its  diameter  was  chosen  on  the  basis  of 
blackbody  considerations.  All  surfaces  were  anodized  black.  The 
combination  of  these  dimensions,  the  serrated  inner  surface,  the  black 
anodization,  and  the  narrow-angle  field  of  view  of  the  receiver  prevents 
any  external  light  from  reaching  the  receiver. 


FIGURE  H-l.  Smoke-Measuring  Transducer  With  Neutral 
Density  Filter  Holder.  (Neg.  LHL  184925) 
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The  electronics  for  the  emitter  and  the  receiver,  as  well  as  the 
emitter  and  receiver  themselves,  were  mounted  on  a printed  circuit  board, 
as  shown  in  Figure  H-3.  The  circuit  board  was  put  into  the  cylindrical 
brass  enclosure  and  covered  on  both  sides  with  diatomaceous  earth  for 
heat  insulation. 


FIGURE  H-3.  Printed  Circuit  Board  for  Smoke  Transducer 
(Neg.  LHL  184559) 


Electrical  Circuit 


The  electrical  schematic  of  the  transducer  circuit  is  shown  in 
Figure  H-4 . An  8038  Integrated  circuit  is  employed  as  an  oscillator  to 
provide  a square  wave  with  a duty  cycle  of  about  50%.  An  n-p-n  transis- 
tor (2N2222)  is  used  to  provide  sufficient  power  to  operate  a light- 
emitting  diode.  The  output  of  the  phototransistor  is  AC-coupled  into  an 
amplifier.  The  amplifier  output  is  rectified,  filtered,  and  presented 
as  the  data  signal.  The  AC  circuit  is  used  because  it  is  unaffected  by 
constant  ambient  light  that  might  otherwise  affect  the  system.  Further- 
more, the  temperature  drift  of  the  quiescent  DC  current  through  the 
phototransistor  cannot  affect  the  output.  The  selected  resistor,  the 
divider  on  the  output,  and  the  220-kilohm  collector  resistor  for  the 
phototransistor  can  all  be  varied  to  provide  sensitivity  adjustment  as 
required.  The  output  of  the  ±15-V  power  supplies  shown  can  be  as  low  as 
12  or  as  high  as  18  V if  needed,  although  some  adjustment  of  the  LED 
ballast  may  be  required  if  the  positive  voltage  is  much  different  from 
+15  V. 
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FIGURE  H-4.  Smoke  Transducer  Schematic  Diagram. 


The  output  of  the  circuit  is  proportional  to  the  amount  of  light 
from  the  LED.  The  presence  of  smoke  causes  the  output  voltage  to  drop. 

The  transducer  is  calibrated  in  an  NBS  smoke  chamber,  using  the 
specific  optical  density  concept,  before  being  used  to  measure  smoke  in 
a field  test. 


USE  OF  TRANSDUCER  IN  BURN  TEST 

The  smoke  transducer  was  used  and  demonstrated  during  the  A-4 
cockpit  burn  test  to  measure  the  change  of  smoke  density  levels  with 
time  in  the  region  between  the  pilot  and  the  instrument  panel  in  the 
cockpit.  Before  the  test  the  smoke  transducer  was  calibrated  at  the 
NASA  Ames  Research  Center  in  an  NBS  smoke  chamber,  using  a plywood 
sample  impregnated  with  salt  as  the  "standard  material."  Figure  H-5 
gives  the  output  voltage  for  the  smoke  transducer  for  three  runs  as  a 
function  of  percent  transmittance  in  the  NBS  smoke  chamber.  As  the 
graph  shows,  the  transducer  output  is  reasonably  linear  between  10  and 
70S  transmittance.  Equation  H-2  can  be  used  to  obtain  Ds.  Note  that, 
since  the  light  path  in  the  smoke  transducer  is  much  shorter  than  the 
reference  light  path  in  the  NBS  chamber  [1.625  inches  (4.1  cm)  versus 
36  Inches  (91.4  cm)],  the  sensitivity  of  the  electronics  of  the  smoke 
transducer  must  be  quite  high.  A 1-dB  drop  in  signal  due  to  smoke 
(79. 4Z  transmittance)  corresponds  to  essentially  total  obscuration 
in  the  NBS  chamber. 
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FIGURE  H-5.  Smoke  Transducer  Calibration  Using  NBS  Chamber  as  Standard. 


The  smoke  transducer  was  placed  vertically  in  a holder  in  front  of 
the  Instrument  panel  as  shown  in  Figure  H-6.  Leads  ran  from  the  trans- 
ducer to  the  telemetry  transmitter  in  the  cockpit  manikin,  and  from  there 
redundant  signals  were  sent  to  the  telemetry  receiving  van  via  RF  and 
land  lines . 


Results 

The  output  of  the  transducer  during  the  A-4  burn  test  is  shown  in 
Figure  H-7.  No  smoke  was  recorded  until  after  30  seconds  into  the  test. 
At  that  time  the  transmittance  began  to  decrease  uniformly  from  100  to 
29%  (from  Ds  ■ 0 to  Ds  -71)  at  70  seconds.  The  materials  producing 
this  smoke  apparently  were  then  expended,  because  the  smoke  transducer 
output  remained  uniform  between  70  and  120  seconds.  New  smoke  generation 
began  at  120  seconds,  causing  the  transducer  output  to  decrease  to 
Ds  • 161  at  140  seconds.  Complete  smoke  obscuration  (Ds  - 200)  was 
measured  by  155  seconds . 
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FIGURE  H-6.  Post-Test  Photo  of  Smoke  Transducer  Mounted 
in  Cockpit  of  Navy  A-4.  (Neg.  LHL  1 87342) 


FIGURE  H-7.  Smoke  Transducer  Data  Produced  During  Burn  Test. 
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The  transducer  suffered  fire  damage  before  the  fire  was  completely 
extinguished.  However,  because  of  its  design,  a few  electronic  components 
can  be  readily  replaced  to  render  the  transducer  operable  again. 


Evaluation  of  the  Transducer 

The  results  produced  by  the  smoke  transducer  in  this  burn  test  show 
that  this  transducer  represents  a workable  concept  for  measuring  smoke  in 
field  test  of  this  kind.  The  smoke  data  it  produced  constitute  a valu- 
able addition  to  the  information  that  can  be  gained  from  a burn  test. 

This  transducer  should  also  prove  useful  in  other  kinds  of  fire-related 
tests . 
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Appendix  I 

NO-RESPONSE  MEASUREMENTS 


Three  of  the  data  acquisition  systems  that  were  ins trumented  pro- 
duced records  that  were  not  reported  because  the  records  were  either 
no  response  or  minimal  response  throughout  the  test.  These  three  systems 
measured  sound,  differential  pressure,  and  acceleration. 


SOUND 

Since  no  record  could  be  found  of  sounds  recorded  during  an  aircraft 
fire,  it  was  decided  to  put  a microphone  in  the  A-4  cockpit  to  see  if  any 
unusual  or  significant  sounds  occurred  during  the  test.  Because  it  was 
expected  to  be  expended  in  the  fire,  a fairly  cheap  microphone  was  used, 
but  its  fidelity  was  better  than  that  of  a normal  pilot's  microphone. 

It  was  connected  to  an  audio  processing  card  designed  for  the  test,  and 
the  output  of  the  card  was  telemetered  to  the  receiving  van.  Figure  1-1 
is  a schematic  of  the  audio  card.  It  has  a fast-acting  automatic  gain 
control  circuit  to  provide  a listenable  output  no  matter  what  sounds 
actually  are  made  in  the  cockpit.  That  was  necessary  because  the 
expected  dynamic  range  of  the  audio  signal  exceeded  the  s ignal-to-noise 
capability  of  the  telemetry  commutator,  and  because  nobody  seemed  to 
know  how  loud  the  sound  gets  in  a burning  airplane. 

The  data  consisted  of  a lackluster  recording  of  snapping,  crackling, 
and  popping.  In  short,  there  was  nothing  of  significance  on  the  record. 
However,  that  knowledge  itself  is  useful  baseline  data. 


DIFFERENTIAL  PRESSURE 

A differential  pressure  transducer  as  shown  in  Figure  1-2  was 
installed  on  the  A-4 . This  transducer  was  calibrated  for  15  lb/in2 
(0.06  kg/m2)  to  within  10.05  lb/in2  (0.6  g/m2).  One  side  was  vented  to 
the  cockpit  and  the  other  side  was  vented  to  the  outside.  The  purpose 
of  this  measurement  was  to  determine  whether  any  significant  pressure 
differences  between  the  cockpit  and  the  outside  developed  during  the  fire. 
As  it  turned  out,  none  developed.  It  was  virtually  a no-response  record. 
But  again,  that  was  useful  baseline  data. 
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FIGURE  I-I.  Schematic  of  Audio  Processing  Card.  Where  resistor  values  are  now  shown,  they  were  selected  at  the  time  of  the  test. 
Dashed-line  resistors  may  be  added  to  decrease  input  sensitivity  or  decrease  release  time  on  the  AGC  voltage  generator. 
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FIGURE  1-2.  Pressure  Differential  Transducer 
Used  in  A4  Test.  (Neg.  LHL  186969) 


ACCELERATION 

To  measure  the  effects  of  a possible  explosion  or  aircraft  landing 
gear  collapse  during  the  fire,  three  accelerometer-.  (12  g calibrated  to 
±0.01  g)  were  Installed  on  the  water  jacket  In  the  upper  section  of  the 
manikin  (see  Figure  B-2),  and  the  data  from  them  were  telemetered  to  the 
receiving  van.  There  was  a no-response  acceleration  record  along  all 
three  axes  throughout  the  test. 
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Appendix  J 
TELEMETRY 


Three  data  transmission  systems  were  used  in  the  A-4  burn  test. 

All  data  gathered  outside  the  cockpit  were  transmitted  through  the 
umbilical  to  the  instrumentation  bunker  below  ground.  All  data  from 
within  the  cockpit  were  sent  to  the  telemetry  receiving  van  parked  at 
the  test  site.  Two  parallel  transmission  systems  were  used  to  transmit 
the  cockpit  data,  and  the  same  data  signals  were  transmitted  over  each 
svstem.  The  data  signals  acquired  via  telemetry  included  those  from  the 
thermocouples,  slug  calorimeters,  directional  calorimeter,  microphone, 
strain  gages,  smoke  transducer,  accelerometers,  EEC,  and  EKG.  These 
signals  were  conveyed  hy  leads  to  the  manikin  in  the  cockpit.  There  the 
signals  were  encoded  for  transmission  and  one  set  of  signals  was  trans- 
mitted via  RF  by  means  of  the  transmitter  shown  in  Figure  J-l . Another 
set  of  the  same  signals  were  transmitted  via  land  lines  laid  over  the 
top  of  the  ground.  Both  sets  of  signals  were  received  in  the  telemetry 
van,  where  they  were  recorded  on  tape  for  processing  later.  Figure  J-2 
shows  a block  diagram  of  the  telemetry  system.  The  data  acquired  by 
means  of  telemetry  have  already  been  presented  in  Appendixes  E,  C,  H, 
and  1 discussing  the  individual  measurement  systems.  It  should  be  noted 
that  a comparison  was  made  between  the  data  received  via  RF  and  those 
received  via  land  lines  and  they  agreed  within  1%. 

The  RF  transmission  was  used  to  back  up  the  land  line  transmission 
for  two  reasons.  In  tests  of  this  kind  fuel  explosions  or  the  cookoff 
of  explosives  (no  explosives  were  on  the  aircraft  for  this  test)  often 
sever  land  lines  causing  a loss  of  data  for  the  remainder  of  the  test.? 
With  the  RF  transmitter  placed  in  the  cockpit,  there  is  a high  probabil- 
ity that  the  data  will  be  uninterrupted  as  long  as  the  cockpit  is  intact. 
(During  this  test  neither  the  land  line  nor  the  RF  transmission  was 
interrupted . ) 

A second  reason  for  using  the  RF  transmission  was  that,  as  far  as 
the  author  and  his  telemetry  consultants  could  determine,  data  had  never 
before  been  telemetered  by  RF  out  of  a fire  of  the  magnitude  of  this  one. 
It  would  be  a valuable  piece  of  background  knowledge  to  learn  whether 
there  are  any  unforeseen  obstacles,  such  as  RF  interference,  to  prevent 
acquiring  data  by  this  means.  No  such  obstacles  were  found  in  this  test. 
The  RF  telemetry  data  was  of  high  quality  and  there  was  virtually  no 
interference . 

As  a final  note,  the  entire  telemetry  system  except  for  the  RF 
antenna  (which  may  be  seen  on  top  of  the  transmitter  in  Figure  J-l)  was 
recovered  after  the  test.  It  is  thought  that  the  antenna  was  broken  by 
the  force  of  the  stream  of  light  water  used  to  extinguish  the  fire, 
rather  than  by  the  fire  itself. 


131 


PHECEDIN3  PAGE  BLANK- NOT  FILMED 


FIGURE  J-2.  Block  Diagram  of  Telemetry  System. 
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MOTION  PICTURE  COVERAGE 


As  would  be  expected  in  a study  of  this  kind  where  much  activity 
that  is  highly  visual  is  taking  place,  one  of  the  most  valuable  kinds  of 
data  is  motion  picture  coverage  of  the  event.  For  this  test  ten  color 
motion  picture  cameras  were  used.  Hiey  were  deployed  as  follows: 


In  cockpit:  One  camera  covered  the  mouse  on  treadmill,  the  genera- 

tion of  smoke,  and  the  occurrence  of  flames. 

In  tunnel:  Three  cameras  in  all;  one  covered  mouse  on  treadmill, 

one  covered  the  gas  sampling  apparatus,  and  one  covered 
an  overall  view  of  the  Instrumentation  including  the 
instrumented  rat . 

Outside:  Six  cameras  in  all;  five  were  set  up  to  cover  various 

fixed  views  of  the  fire  as  part  of  the  data  for  the 
test  and  one  was  used  to  record  selected  views  for  use 
in  the  color  and  sound  movie  that  was  later  produced.1 


Together  these  cameras  provided  visual  data  on  the  fire  as  well  as 
selective  footage  for  the  movie  mentioned  above,  which  supplements  this 
report  in  documenting  this  test. 
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Appendix  L 
FIREFIGHTING 


The  firefighting  equipment  that  was  on  hand  for  extinguishing  the 
fuel  fire  under  the  A-4  consisted  of  two  MB- 5 Navy  Aircraft  Fire  Fighting 
and  Rescue  Vehicles  that  had  one  turret  each  and  one  MB-1  Navy  Aircraft 
Fire  Fighting  and  Rescue  Vehicle  that  had  two  turrets.  F.ach  of  the  four 
turrets  had  a capacity  of  250  gallons  (937.5  liters)  per  minute  of  "light 
water"  (aqueous  film-forming  foam).  The  firefighting  crews  stood  by 
until  the  test  director  signaled  them  to  put  the  fire  out.  Then  they 
moved  the  three  trucks  In  to  attack  the  fire.  One  single-turret  truck 
approached  the  aft  of  the  A-4  from  the  port  side;  the  two-turret  truck 
approached  the  aft  of  the  plane  from  the  starboard  side;  and  the  other 
single-turret  truck  approached  on  the  starboard  beam  of  the  A-4  (see 
Figure  L-l).  The  combination  of  the  wind  and  the  terrain  forced  the 
firemen  to  approach  the  fire  crosswind  Instead  of  upwind,  as  would  have 
been  most  desirable.  Nevertheless,  they  extinguished  the  blare  in 
lb  seconds.  Figure  L-2  shows  the  test  site  just  after  the  fire  was 
extinguished . 

The  two  main  Items  in  the  firefighting  crew's  plan  of  attack  were 
to  try  to  protect  human  life  (in  this  case  test  animals  representing 
human  life)  by  playing  light  water  on  both  sides  of  the  cockpit  area  to 
cool  It  and  to  put  the  fire  out  as  soon  as  possible  to  allow  the  maximum 
amount  of  test  data  to  be  retrieved  from  the  burned  aircraft.  Both  of 
these  alms  were  achieved.  Though  it  was  expected  that  both  the  instru- 
mented rat  and  the  mouse  on  the  treadmill  in  the  cockpit  would  be  dead 
by  the  time  the  fire  was  extinguished,  the  rat  was  still  alive  when 
removed  from  the  cockpit.  A further  indication  that  the  effort  to  cool 
the  cockpit  with  the  light  water  was  successful  is  given  by  the  records 
of  some  of  the  thermocouples  discussed  in  Appendix  E.  The  firemen  began 
fighting  the  fire  at  224  seconds  after  ignition.  Three  thermocouples 
that  were  on  or  near  the  canopy  showed  distinct  temperature  drops  at 
about  225  seconds,  as  is  indicated  by  Figures  E-39,  E-40,  and  E-43. 
Another  thermocouple  that  was  inside  the  cockpit  behind  the  pilot's 
helmet  (Figure  E— 35 ) showed  a temperature  drop  at  about  236  seconds. 

Also  the  thermocouple  record  in  Figure  E-43  shows  a second  drop  at  about 
238  seconds  following  a buildup  after  the  first  drop. 

The  fire  was  extinguished  soon  enough  to  preserve  the  aircraft  for 
post-test  inspection  of  the  damage.  Damage  information  gained  from 
post-test  study  is  discussed  in  Appendix  M. 
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FIGURE  L-l.  Two  of  the  Three  Trucks  Attacking  A-4  Fire. 
(Neg.  LHL  192309) 


FICURE  L-2.  View  of  Test  Site  lust  After  Fire  Was  Extinguished. 
(Neg.  LHL  187347) 
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Tlie  firefightinR  aspect  of  this  burn  test  also  served  a secondary 
purpose.  It  provided  a good  live  drill  in  which  the  firefighters  could 
evaluate  their  techniques  and  look  for  areas  of  possible  improvement  . 

The  movie  coverage  made  it  especially  valuable  for  this  purpose.  By 
studying  the  film  clips  later  the  firemen  were  able  to  both  verify  their 
first-hand  impressions  and  view  the  operation  from  a perspective  not 
available  to  them  while  they  were  fighting  the  fire. 

Some  of  the  firemen's  observations  on  their  techniques  are  as 
follows.  No  entry  into  the  cockpit  was  included  in  their  preliminary 
plan.  However,  when  they  discovered  that  the  rat  in  the  cockpit  showed 
signs  of  life,  they  were  urged  by  the  test  personnel  to  use  the  aircraft 
boarding  ladder  to  enter  the  cockpit  after  the  fire  was  extinguished. 

Some  time  was  lost  in  inserting  the  ladder  guide  pins  into  the  holes 
provided  in  the  fuselage.  It  would  have  been  quicker  and  better  to  have 
used  the  rescue  ladder  from  one  of  the  fire  trucks,  leaning  it  against 
the  fuselage. 

Because  the  direction  of  the  wind  and  the  surrounding  terrain  made 
it  necessary  to  approach  the  fire  crosswind,  the  trucks  had  to  stand  off 
at  a greater  distance  than  they  would  have  had  they  been  able  to  approach 
upwind.  Their  nozzles  had  only  two  settings:  fog  and  full  stream. 

Although  the  optimal  dispersal  of  the  light  water  onto  this  fire  would 
have  been  a fog,  the  stream  had  to  be  used  to  give  the  light  water  the 
necessary  force  to  reach  the  cockpit  and  to  maintain  the  desired  direc- 
tion in  the  wind.  The  results  of  this  test  and  other  similar  experience 
have  indicated  the  need  for  a nozzle  continuously  adjustable  from  a 
stream  to  a fog.  The  movie  coverage  of  this  test  provided  good  documen- 
tation of  this  need.  Subsequent  tests  were  made  of  various  light  water 
dispersal  patterns  against  fires  of  this  type.  The  consequence  was  that 
a contract  has  already  been  negotiated  to  provide  for  a turret  design 
that  will  permit  a continuous  adjustment  from  full  stream  to  fog.  The 
next  generation  of  NWC  firefighting  and  rescue  vehicles  will  incorporate 
those  turrets. 

A total  of  about  350  gallons  (1,300  liters)  of  light  water  was  used 
to  extinguish  this  fire,  which  is  well  within  the  capacity  that  is  avail- 
able to  fight  such  fires  on  the  flight  deck  of  the  large  carriers. 
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Appendix  M 

STRUCTURAL  ANALYSIS 


Structural  failure  of  the  A-4  cockpit  Is  indicated  by  the  photos 
shown  in  Figures  M-l,  M-2,  and  M-3  that  were  taken  after  the  test.  These 
figures  can  be  compared  to  Figure  A-4  which  Illustrates  the  test  item 
before  the  fire.  The  damage  was  caused  by  a combination  of  degradation 
of  the  material  because  of  heat  and  firefighting.  A listing  of  the 
significant  events  measured  by  various  transducers  is  given  in  Table  1 
to  aid  in  creating  an  image  of  how  the  structural  failure  occurred. 

Figures  M-l  and  M-2  show  the  port  and  starboard  sides  of  the  A-4 
after  the  fire  test.  Significant  structural  failure  is  evident  for  the 
canopy  (polymethyl  methacrylate),  the  nose  cone  (fiberglass),  and  the 
sheet  metal  (aluminum)  on  both  sides  and  under  the  floorboard  station 
housing  the  electrical  and  hydraulic  lines  which  control  the  aircraft, 
and  the  wheel  well  door.  Aluminum  skin  not  melted  is  buckled.  Note 
that  the  fuel  tank  aft  of  the  cockpit,  full  of  JP-5  Jet  fuel,  maintained 
its  integrity  and  did  not  leak. 


FIGURE  M-l.  Port  Side  of  A-4  Aircraft  After  Fire  Test.  (Compare  with 
Figure  A-3  before  Are.)  (Neg.  LHL  187322) 
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FIGURE  M-2.  Starboard  Side  of  A-4  Aircraft  After  Fire  Test 
(Neg.  LHL  187323) 


FIGURE  M-3.  View  From  Beneath 
A 4 Aircraft  Looking  Forward  After 
Fire  Test.  (Neg.  LHL  187345) 
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A combination  of  buckling  and  melting  was  manifested  in  large 
skin-to-stringer  separation  at  the  juncture  of  the  floorboard  and 
forward  bulkhead.  These  separations  could  admit  flames  with  a cross- 
sectional  area  of  about  36  in2  (232  cm2)  on  either  side.  No  other 
structural  failures  (fractures)  were  found  on  either  of  the  two  sides, 
the  forward  or  aft  bulkheads,  or  on  the  top  (other  than  the  canopy). 

Figure  M-3  is  a view  from  beneath  the  aircraft  from  the  wing  root 
looking  forward.  As  is  evident,  the  understructure  of  the  aircraft  was 
severely  melted.  Flames  had  direct  access  to  the  fuselage  rubber  fuel 
bladder,  the  engine  bay,  the  gun  bays,  and  all  hydraulic  and  electrical 
lines  exposed  below  the  cockpit  floor.  The  aluminum  flooring  directly 
below  the  cockpit  seat  melted  away  with  only  the  cross  ribbing  remaining. 
Had  a parachute  been  included  in  its  place  under  the  seat,  it  would 
probably  have  burned  with  possible  toxic  gas  and  smoke  generation.  Of 
significance  is  the  fact  that  the  aircraft  remained  on  its  landing  gear 
and  did  not  collapse.  Note  also  that  the  tires,  immersed  some  7 inches 
(18  cm)  in  water  and  fuel,  did  not  blow  out. 

Figures  M-4  and  M-5  are  views  of  the  fractured  canopy.  The  failure 
of  the  canopy  is  characterized  by  both  melting  and  rectangular  checking, 
apparently  because  of  excessive  thermal  stresses  and  biaxial  loading 
from  the  supports.  Note  the  fractured  funnel  telemetry  antenna  glass 
enclosure.  It  is  not  known  how  much  the  light  water  used  in  firefight 
contributed  to  the  mode  of  failure. 

Figure  M-6  illustrates  that  the  instrument  panel  and  side  panels 
were  not  significantly  damaged  in  the  fire.  Carbon  residue  was  observed 
on  the  outside  of  the  smoke  transducer  and  under  the  horizontal  surfaces. 
Figure  M-7  illustrates  the  significant  burn  damage  to  the  pilot's  helmet, 
which  housed  the  instrumented  rat. 
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FIGURE  M-4.  Post-Test  View  of  Canopy  From  Port  Side.  Note 
broken  TM  antenna  on  top  of  A-4.  (Neg.  LHL  187329) 


FIGURE  M-5.  Post-Test  View  of  Canopy  From  Starboard  Side, 
(Neg.  LHL  187331) 
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FIGURE  M-6.  Instrument  and  Cockpit 
Side  Panels  After  Fire  Test. 

(Neg.  LHL  187341) 


FIGURE  M-7.  Pilot’s  Helmet  After  Fire  Test.  (Neg.  LHL  187324) 
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Appendix  N 

IPL  THERMAL  PROTECTION  MATERIALS  EXPERIMENT 
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Appendix  N 

JPL  THERMAL  PROTECTION  MATERIALS  EXPERIMENT 


SUMMARY 

Two  test  panels  of  candidate  materials  for  aircraft  cockpit  fire 
protection  were  evaluated  in  the  A-4  pool  fire  test  by  being  attached  to 
the  bottom  exterior  of  the  fuselage  center  sections.  One  panel  was  a 
12  by  12  inch  (30.5  by  30.5  cm)  sheet  of  aluminum  coated  with  a JPL- 
developed  fire-retardant-filled  polyester.  The  other  panel  was  a sheet 
of  Palusol  Fireboard  which  was  a composite  of  fiberglass,  wire  mesh,  and 
hydrated  sodium  silicate.  During  the  pool  fire  test  exposure,  the  coated 
aluminum  panel  remained  attached  to  the  fuselage  and  retained  about  50% 
of  the  protective  coating.  The  Palusol  Fireboard,  which  swelled  and 
softened  during  heating,  fell  to  the  ground,  but  was  not  destroyed  by 
the  fire.  In  summary,  both  materials  withstood  the  heat  of  the  pool 
fire,  and  are  considered  worthy  of  further  evaluation  under  more  appro- 
priate test  conditions. 


THERMAL  PROTECTION  MATERIALS  DESCRIPTION 

When  typical  aluminum  aircraft  structure  is  exposed  to  a fuel  pool 
fire,  one  of  the  first  materials  destroyed  is  the  thin  unsupported  alum- 
inum skin.  Areas  of  skin  backed  by  stringers  and  ribs  remain  intact  due 
to  the  heat  sink  effect  of  the  back-up  material.  One  approach  to  delay- 
ing panel  bum-through  in  critical  skin  areas  is  to  provide  a heat  sink 
coating  on  the  back  side. 

One  candidate  material  selected  for  this  test  application  was  a 
fire-retardant-filled  polyester  applied  to  a 0.032-inch  (0.8-mm)  aluminum 
test  panel  as  a 0.13-inch  (3.3-mm)  thick  coating.  The  coating  polyester 
was  filled  with  60%  by  weight  sodium  silicate  (Na2Si03  • 5H20).  The 
other  material  selected  for  test  was  a fire-resistant  barrier  material, 
Palusol  Fireboard  (BASF  Wyandotte  Corporation)  (0.07  inch  (1.8  mm)  thick), 
which  is  a composite  of  mainly  hydrated  sodium  silicate  with  small 
amounts  of  organics  plus  fiberglass  and  wire  mesh.  Both  materials  have 
been  tested  by  JPL  in  an  NBS  Smoke  Density  Chamber  for  fire  resistance 
and  smoke  generation  at  2.5  W/cm2  incident  radiation.  The  results  are 
shown  in  Figure  N-l.  Unfilled  polyester  is  compared  with  filled  poly- 
ester using  three  different  candidate  fillers  at  65%  by  weight  of  filler. 
The  candidate  fillers  shown  in  Figure  N-l  were  potassium  carbonate 
(KHCO3),  trisodium  phosphate  (TSP)  (Na3P04  • I2H2O),  and  sodium  silicate 
(Na2Si03  • 5H20). 
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TIMt.  MINUTES 

FIGURE  N-l.  Specific  Smoke  Density  for  “Pslusol”  and  Polyester  (Filled 
and  Unfilled)  for  Non-Flaming  Exposure  in  NBS  Smoke  Chamber. 


The  smoking  tendency  of  Palusol,  also  shown  In  Figure  N-l,  shows  a 
rapid  evolution  of  smoke  for  a short  time  with  the  smoke  density 
unchanged  after  the  first  2 minutes.  This  Initial  smoke  was  attributed 
o the  degradation  of  the  thin  epoxy  film  which  has  been  applied  to  the 
Palusol  sheet  for  moisture  protection. 

The  outstanding  candidate  material,  as  Indicated  by  these  results, 
was  the  sodlum-sillcate-f tiled  polyester.  No  smoke  was  evolved  for  the 
first  15  minutes  of  exposure.  During  this  time  the  surface  bubbled  as 
water  evolved  and  left  a protective  glassy  crust  on  the  specimen  surface. 
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TEST  PANEL  INSTALLATION 

IWo  12-  by  12-inch  (305-mm)  test  panels  of  the  candidate  thermal 
protection  materials  were  installed  on  the  A-4  aircraft.  One  panel  of 
0.07- inch  (1.8-mm)  Palusol  Fireboard  and  one  panel  of  (0.032-inch  or 
0.8-mm)  2024-T3  aluminum  sheet  with  0.13-inch  (3.3-mm)  coating  of  fire- 
retardant-filled  polyester  (60%  wt.  Na2Si03  • 5H20)  were  evaluated.  The 
panels  were  attached  with  eight  screws  to  the  exterior  skin  of  the 
aircraft  facing  down  on  the  bottom  of  the  fuselage  between  the  two  main 
landing  gear  wells  (Figure  N-2) . The  filled  polyester  coating  on  the 
aluminum  sheet  was  on  the  flame-exposed  surface  of  the  panel.  Thermo- 
couples and  a surface  calorimeter  were  located  between  the  two  panels, 
but  data  from  these  locations  was  lost  due  to  instrumentation  problems. 

In  application,  the  Palusol  would  be  supported  behind  or  between 
other  materials  and  would  serve  as  a fire  barrier  and  insulating  material, 
and  would  not  be  expected  to  perform  a structural  role.  The  material  is 
designed  to  soften  and  expand  on  heating  to  seal  cracks  and  prevent  flame 
penetration.  In  this  test,  because  of  very  limited  time  and  resources, 
the  panel  was  attached  directly  to  the  exterior  of  the  fuselage  to  be 
exposed  to  direct  flame  from  the  burning  pool. 


FIGURE  N-2.  Location  of  Thermal  Protection  Test  Panels  Supplied  by  JPL 
on  Bottom  of  A-4  Fuselage  Between  Main  Landing  Gear  Wells.  (Neg.  LHL 
193173) 
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TEST  RESULTS 

The  course  of  the  pool  fire  development  and  its  extinguishment  are 
described  in  the  body  of  this  report.  Following  the  fire,  the  two  panels 
were  examined  in  place  and  their  condition  recorded  photographically 
(Figure  N-3). 

The  aluminum  panel  was  still  attached  to  the  bottom  skin  of  the 
fuselage.  The  edges  of  the  panel  had  melted,  but  about  50%  of  the  pro- 
tective coating  remained  in  place.  Much  of  the  adjacent  aircraft  skin 
was  melted  away  Including  all  of  the  adjacent  bomb  rack  fairing. 

The  Palusol  panel  softened  and  dropped  from  the  aircraft  to  the 
ground  at  some  time  during  the  fire.  The  surface  of  the  test  panel  was 
distorted  and  scorched,  but  still  Intact.  The  area  of  aluminum  skin 
which  was  behind  the  Palusol  panel  was  melted,  but  to  a lesser  degree 
than  the  surrounding  skin  areas  as  Indicated  by  the  relative  condition 
of  the  fuselage  insulation  batting  in  these  areas. 


FIGURE  N-3.  Post-Fire  Condition  of  JPL-Coeted  Aluminum  Thermal 
Protection  Test  Panel  After  4 Minutes  of  Fuel  Pool  Fire  Exposure. 
(Neg.  LHL  193172) 
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CONCLUSIONS 

1.  The  candidate  materials  withstood  the  thermal  environment  of  the 
pool  fire  in  that  they  were  not  consumed  by  the  flames. 

2.  In  further  testing  or  application  of  these  materials,  the  struc- 
tural and  thermal  barrier  requirements  of  the  components  of  interest  would 
have  to  be  considered  simultaneously. 

3.  The  low  smoke-  and  fire-resistant  characteristics  of  the  hydrated 
silicate  materials  make  them  promising  candidates  for  materials  for  use 
within  the  occupied  cockpit  area. 
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